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In the present article, a positron annihilation spectroscopy investigation of VVER-440/230 weld materials
is discussed. Important characteristics of metals such as Fermi energy, concentration of electrons in the
conduction band, size and concentration of defects were experimentally determined for three model
materials with higher level of copper (0.16 wt.%) and phosphorus (0.027–0.038 wt.%). The impact of neu-
tron irradiation and subsequent annealing on crystal lattice parameters was investigated. The experi-
ments with the angular correlation of positron annihilation radiation (ACAR) complement the
published positron annihilation spectroscopy (PAS) studies of the radiation treated VVER materials as
well as previous experiments on PRIMAVERA materials. The availability of the experimental reactor to
prepare strong 64Cu positron sources provided for unique experimental conditions, such as good resolu-
tion of spectra (0.4 mrad) and reasonable short time of measurement (36 h). The present paper aims to
contribute to further understanding of RPV (reactor pressure vessel) steels behaviour under irradiation
conditions as well as annealing recovery procedures, which have already been applied at several VVER
NPP units in Europe.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Extending of the operational lifetime of the current generation
of nuclear reactors is a reasonable way to respond to future energy
demands and CO2 reduction requirements, which may occur as a
result of the expected shut down of Generation II nuclear power
plants (NPP) and delayed commissioning of new nuclear units
(Generation II+ and III). It is well known that one of the most crit-
ical components for life extension is the reactor pressure vessel
(RPV). Degradation of mechanical properties during operation,
caused predominantly by radiation embrittlement of the RPV steel,
is more significant in Russian-designed types of PWR (VVER-440,
in particular, type 230), where the gap between the surface of
the reactor core internals and the inside surface of the RPV is nar-
rower than in Western PWRs [1].

Given the large number of NPPs of VVER type, annealing proce-
dures have been developed and practically applied to eliminate the
consequences of RPV material embrittlement and to recover the
original properties of structural materials, to permit extension of
NPP lifetimes.

However, in order to predict RPV steel properties, establish
annealing procedures and properly justify lifetime extension, it is
ll rights reserved.
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necessary to have a detailed understanding of the embrittlement
and annealing processes and to develop a model describing the
properties and behaviour of the materials in question. The interna-
tional project PRIMAVERA studies the mechanical properties of the
materials and the properties and behaviour of nanoscale objects
(defects) under irradiation and post-irradiation annealing condi-
tions. The most typical RPV materials used at VVER plants have
been chosen for this investigation [2].

Reports on the mechanical properties and atom probe tomog-
raphy studies of irradiated, annealed and re-irradiated materials
in comparison to the original properties already exist [2,3]. Nev-
ertheless, more detailed information is needed on nanoscale ob-
jects and effects in order to develop the model describing the
processes studied. For this reason radiation damage studies
should include additional complementary tests [4]. One of the
techniques suitable for this purpose is the positron annihilation
spectroscopy (PAS).

Positron annihilation spectroscopy is a powerful tool to study
nano-objects (defects) in radiation treated materials [5–7]. Combi-
nation of various PAS techniques — angular correlation positron
annihilation spectroscopy (ACAR), positron lifetime measurement
(LT) and measurement of Doppler broadening of the annihilation
line (DB) — allows to obtain more detailed and complex qualitative
and quantitative characterization of nano-objects. There is also a
large number of published experiments on the applied surface
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science, where the slow positron beam technique (e.g. PLEPS) has
been used [6,8–10].

PAS-ACAR results for the PRIMAVERA samples are discussed in
this paper, together with the published results of other PAS tech-
niques (LT and DB) for the same type of materials. Positron lifetime
study of the PRIMAVERA samples is foreseen for 2010 and a com-
prehensive analysis of all experimental results will be presented in
follow-up articles.
Fig. 1. Irradiation characteristics of the investigated PRIMAVERA steel samples.

Fig. 2. PAS experiments published on VVER-440 materials, neutron fluence
characteristics and non-destructive techniques used [8,11].
2. Experiment

Three different VVER-440 weld materials were investigated in
the (i) unirradiated, (ii) irradiated (two different neutron fluence
levels), and (iii) irradiated and annealed state. These materials dif-
fer in phosphorus content (which is considered to be one of critical
parameters for radiation embrittlement) and their chemical com-
position can be seen in Table 1. All available information about
manufacturing and pre-irradiation treatment of the materials can
be found in [2]. It is important to note both, the higher phosphorus
and copper content, as compared to conventional VVER-440 weld
(Sv-10KhFMT, WM) and base (15Kh2MFA, BM) material. The role
of copper precipitation and phosphorus segregation in the radia-
tion embrittlement has been discussed earlier [e.g. 8,9]. Although
impact of copper and phosphorus was not directly observed in
the present study, one of the aims of our work was to use unique
abilities of the ACAR technique in the characterization of the crys-
tal lattice, which might be, after radiation treatment, affected by
the chemical composition.

Irradiation of the PRIMAVERA materials has been performed by
Russian Research Centre, Kurchatov Institute (RRC KI). Bulk sam-
ples (10 � 10 � 18 mm) were irradiated at 270 �C with a neutron
flux of 2 � 1012 cm�2 s�1 in the surveillance channels of Rovno
NPP (Ukraine) for one or 3 years respectively. The neutron fluen-
cies for individual samples are depicted in Fig. 1. After 3 years of
irradiation, one set of samples was annealed using the standard
annealing procedure for VVER-440 RPV (475 �C/100 h). For PAS
experiments the samples 10 � 10 � 1 mm were prepared from ori-
ginal bulk samples.

Our study of model VVER-440 weld materials also took account
of the published PAS experiments of Kocik et al. [11] and Slugen
et al. [8]. As can be seen in Fig. 2, the present work is complemen-
tary to previous work, so our interpretation of the results is based
on three different positron annihilation spectroscopy techniques
including conventional 3-detector PAS-LT, PLEPS [12] and PAS-
ACAR.

The angular correlation experiments were carried out at the
Moscow Institute of Physical Engineering (MIPhE) using the typical
set-up of one-dimensional ACAR [13]. 64Cu was used as the source
of positrons in this study. Individual positron sources were made
from electrolytic copper foil, size 10 � 10 � 2 mm. The foils were
irradiated for 24 h in the IRT-2000 reactor (MIPhE) at neutron flux
2 � 1013 cm�2 s�1 and the positron sources with an activity of
�0.1TBq were immediately placed in the ACAR facility. In spite of
high activity of positron sources, due to the short half-life of 64Cu
Table 1
Chemical composition (in wt.%) of the investigated PRIMAVERA steel samples with
low, medium and high (LP, MP, HP) phosphorus content, conventional VVER-440 base
15Kh2MFA (BM) and weld Sv-10KhFMT (WM) material (Fe balance).

C Si Mn P S Cr Ni Mo Cu V

LP 0.04 0.04 1.12 0.027 0.013 1.42 0.13 0.49 0.16 0.19
MP 0.04 0.39 1.15 0.031 0.013 1.42 0.13 0.50 0.16 0.18
HP 0.05 0.36 1.09 0.038 0.014 1.54 0.13 0.51 0.16 0.19
WM 0.04 0.59 1.1 0.012 0.017 1.37 – 0.50 0.06 0.20
BM 0.16 0.17 0.46 0.014 0.016 2.9 0.07 0.66 0.07 0.31
(12.7 h), each measurement cycle lasts only 36 h. Experimental
spectra were measured with angular resolution of 0.4 mrad and
(10–15) � 104 of total count at the peak maximum.
3. Results and discussion

In general, positrons annihilate in metals and alloys with elec-
trons from the conduction band and the electrons from the local-
ized ion electron shell. Annihilation with delocalized conduction
electrons results in a parabolic component of ACAR spectra, while
annihilation with localized electrons results in a Gaussian compo-
nent [14]. Processing of the experimental results shows the density
of electrons in the conduction band, the Fermi energy, the size and
type of defects and also their topology.

For interpretation of the spectra we used both models with two
components (one Gaussian, one parabolic) and models with three
components (two Gaussians, one parabolic). The calculations were
carried out using the program ACARFIT of the data-processing sys-
tem PATFIT-88 [15]. As can be seen in Fig. 3 and Tables 2–4, the
three-component model fit describes the experimental spectra
very well and the uncertainty is lower (v2 � 0.6) compared with
the two-component model (v2 � 1.8). The results of ACAR param-
eters based on the two and three-component model are compiled
in the Tables 2–4 for LP, MP and HP respectively. Graphical repre-
sentation of the data (three-component model) can be seen in Figs.
4a and 4b, 5a and 5b, 6a and 6b. Annealed states are here desig-
nated with an asterisk (�) and follow the actual dose level.

With a reasonable level of approximation, i.e. (i) defects are
modelled as potential wells with infinitely high walls, (ii) positrons
are considered to be thermalised, and (iii) spherical geometry of
the open volume defects, we can assign the narrower Gaussian
(Cg1 � 8.62 � 11.6 mrad) component to the annihilation with va-
lence electrons of atoms, the wider Gaussian (Cg2 � 14 � 18.8



Fig. 3. Decomposition of experimental spectra into Gaussian and parabolic (a) and two Gaussians and parabolic (b) components.

Table 2
Results of ACAR spectra decompositions (2 and 3 component model), LP steel.

Treatment of the specimen Cg1 (mrad) Sg1/Ssum (%) Eg1 (eV) Cg2 (mrad) Sg2/Ssum (%) Eg2 (eV) Cp (mrad) Sp/Ssum (%) EF (eV) Np (h) (1022 cm�3)

Non-irradiated 13.20 82.94 12.00 N/A for two-component model 5.74 17.06 8.41 11.2
±0.07 ±3.00 ±0.01 ±1.10 ±0.88

Non-irradiated 10.00 53.15 6.91 16.40 40.61 18.60 5.97 6.24 9.08 12.6
±0.38 ±14.00 ±0.05 ±0.60 ±15.00 ±0.08 ±2.70 ±5.10

Irradiated (12.2 � 1018) 13.60 79.01± 12.80 N/A 5.65 20.99 8.13 10.6
±0.07 ±3.20 ±0.01 ±1.00 ±0.43

Irradiated (12.2 � 1018) 9.39 42.80 6.09 16.20 48.74 18.10 5.63 8.46 8.07 10.5
±0.39 ±11.00 ±0.05 ±0.47 ±14.00 ±0.07 ±2.90 ±3.30

Irradiated (59.5 � 1018) 13.30 78.97± 12.20 N/A 5.60 21.03 8.00 10.4
±0.07 ±2.80 ±0.01 ±0.87 ±0.37

Irradiated (59.5 � 1018) 8.94 34.69 5.52 15.00 55.63 15.50 5.61 9.68 8.02 10.4
±0.37 ±9.10 ±0.05 ±0.33 ±14.00 ±0.05 ±2.70 ±2.40

Irradiated (57.1 � 1018)
and annealed

13.20 79.73 12.10 N/A 5.37 20.27 7.36 9.2
±0.06 ±2.40 ±0.01 ±0.74 ±0.31

Irradiated (57.1 � 1018)
and annealed

11.60 63.65 9.23 18.80 20.80 24.40 5.31 15.54 7.18 8.8
±0.40 ±17.00 ±0.06 ±1.70 ±14.00 ±0.23 ±3.60 ±0.82

Cgi – FWHM of the Gaussian component (i = 1 for narrower, i = 2 for wider component, respectively) Cp – angle of cutoff of the h–axis (angle) by the parabola; Egi – energy of
the annihilating pair, i = 1, 2; Sgi/Sp/Ssum – area under Gaussian/parabola/total area, i = 1, 2; EF – Fermi energy; Np (h) – density of the conduction band electrons.

Table 3
Results of the ACAR spectra decompositions (2 and 3 component model), MP steel.

Treatment of the specimen Cg1 (mrad) Sg1/Ssum (%) Eg1 (eV) Cg2 (mrad) Sg2/Ssum (%) Eg2 (eV) Cp (mrad) Sp/Ssum (%) EF (eV) Np (h) (1022cm�3)

Non-irradiated 13.40 79.07 12.40 N/A 6.03 20.93 9.26 13
±0.09 ±3.60 ±0.01 ±1.20 ±0.59

Non-irradiated 9.97 48.06 6.86 16.10 42.53 17.90 6.09 9.40 9.45 13.3
±0.42 ±15.00 ±0.06 ±0.59 ±16.00 ±0.08 ±3.40 ±3.70

Irradiated (12.4 � 1018) 13.90 77.70 13.30 N/A 5.66 22.30 8.17 10.7
±0.08 ±2.90 ±0.01 ±0.93 ±0.37

Irradiated (12.4 � 1018) 9.14 46.23 5.76 15.90 47.55 17.50 5.81 6.21 8.62 11.6
±0.29 ±11.00 ±0.04 ±0.45 ±13.00 ±0.06 ±2.50 ±4.70

Irradiated (63.9 � 1018) 13.30 79.37 12.20 N/A 5.64 20.63 8.12 10.6
±0.09 ±3.50 ±0.01 ±1.10 ±0.49

Irradiated (63.9 � 1018) 9.16 35.85 5.79 15.90 53.77 17.40 5.68 10.39 8.23 10.8
±0.40 ±9.20 ±0.06 ±0.38 ±13.00 ±0.05 ±3.00 ±2.70

Irradiated (59.4 � 1018)
and annealed

12.90 83.76 11.50 N/A 5.35 16.24 7.29 9.0
±0.08 ±3.30 ±0.01 ±0.92 ±0.52

Irradiated (59.4 � 1018)
and annealed

9.79 57.04 6.61 16.70 38.09 19.30 5.14 4.87 6.73 8.0
±0.38 ±14.00 ±0.05 ±0.67 ±14.00 ±0.09 ±2.30 ±4.40

Cgi – FWHM of the Gaussian component, i = 1, 2; Cp – angle of cutoff of the h–axis (angle) by the parabola; Egi – energy of the annihilating pair, i = 1, 2; Sgi/Sp/Ssum – area under
Gaussian/parabola/total area, i = 1, 2; EF – Fermi energy; Np (h) – density of the conduction band electrons.
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mrad) to the annihilation with core electrons of the ions and the
parabolic component Cp (the angle of cut-off of the C-axis by the
parabola) to annihilation with conduction band (free) electrons
[16,17].



Table 4
Results of the ACAR spectra decompositions (2 and 3 component model), HP steel.

Treatment of the specimen Cg1 (mrad) Sg1/Ssum (%) Eg1 (eV) Cg2 (mrad) Sg2/Ssum (%) Eg2 (eV) Cp (mrad) Sp/Ssum (%) EF (eV) Np (h) (1022 cm�3)

Non-irradiated 13.20 81.69 12.30 N/A 6.00 18.31 9.18 12.8
±0.09 ±3.00 ±0.01 ±1.20 ±0.71

Non-irradiated 9.21 39.33 5.86 15.00 56.05 15.60 6.29 4.62 10.10 14.8
±0.40 ±14.00 ±0.06 ±0.44 ±11.00 ±0.06 ±2.70 ±8.00

Irradiated (12.2 � 1018) 13.90 75.09 13.30 N/A 6.00 24.91 9.18 12.8
±0.07 ±2.40 ±0.01 ±0.83 ±0.32

Irradiated (12.2 � 1018) 10.00 42.42 6.92 16.50 43.69 18.70 5.98 13.90 9.13 12.7
±0.33 ±9.20 ±0.05 ±0.42 ±11.00 ±0.06 ±2.90 ±1.60

Irradiated (59.5 � 1018) 13.40 79.34 12.50 N/A 5.71 20.66 8.31 11.0
±0.07 ±2.60 ±0.01 ±0.82 ±0.38

Irradiated (59.5 � 1018) 8.62 27.37 5.12 14.00 64.20 13.5 5.71 8.43 8.31 11.0
±0.57 ±12.00 ±0.08 ±0.35 ±20.00 ±0.05 ±3.50 ±4.00

Irradiated (57.1 � 1018)
and annealed

13.80 77.60 13.10 N/A 5.65 22.40 8.13 10.7
±0.09 ±3.10 ±0.01 ±0.99 ±0.39

Irradiated (57.1 � 1018)
and annealed

9.24 43.22 5.89 16.20 49.24 18.00 5.55 7.54 7.85 10.1
±0.35 ±10.00 ±0.05 ±0.41 ±13.00 ±0.06 ±2.70 ±3.70

Cgi – FWHM of the Gaussian component, i = 1, 2; Cp – angle of cutoff of the h–axis (angle) by the parabola; Egi – energy of the annihilating pair, i = 1, 2; Sgi/Sp/Ssum – area under
Gaussian/parabola/total area, i = 1, 2; EF – Fermi energy; Np (h) – density of the conduction band electrons.

Fig. 5a. Width of the ACAR components (MP material).

Fig. 5b. Intensities (Ii = Si/Ssum) of the ACAR components (MP material).

Fig. 4b. Intensities (Ii = Si/Ssum) of the ACAR components (LP material).

Fig. 4a. Width of the ACAR components (LP material).
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To calculate the radiation-induced defect size, we used the ion-
ization potentials of the neutral and single ionized metal atoms
(Table 5 [18]). These elements represent more than 99 wt.% of
VVER-440 weld material. As can be seen from experimental results,
the energy of annihilating pairs (Eg1 and Eg2) corresponds very well
to the ionization potentials of Fe and Cr and with respect to



Fig. 6a. Width of the ACAR components (HP material).

Fig. 6b. Intensities (Ii = Si/Ssum) of the ACAR components (HP material).
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chemical composition we can assume that annihilation takes place
predominantly with the electrons of these atoms.

Based on the assumption that the general defect is correctly
modelled as a potential well with infinitely high walls, the energy
of the particle trapped in this defect can be expressed as E ¼ p2�h2

2mR2 ;

where m is the mass of the particle, R is the radius of the potential
well and �h is the reduced Planck constant. So we can then express
the size of the defect according to (1):

Rd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

37:7
Eg1ð2Þ � Eþð2þÞ

s
; ð1Þ

where Rd (Å) is the radius of the defect, Eg1ð2Þ ¼ 6:9� 10�2C2
g1ð2Þ (eV)

is the energy of the annihilating electron–positron pair and E+(2+) is
Table 5
Ionization potentials of the elements of the materials studied [18].

Element Fe Cr C Si Mn

E+ (eV) 7.9a 6.76a 11.3 8.15 7.43
E2+ (eV) 16.2b 16.49b 24.4 16.34 15.64

a Eg1 — non-irradiated samples (3 component spectra decomposition) � 5.86–6.91 (eV
b Eg2 — non-irradiated samples (3 component spectra decomposition) � 15.6–18.6 (eV
the first (second) ionization potential of Fe or Cr, respectively.
Eg1(2) � E+(2+) is the energy of the annihilating positron. Since the
radiation-induced defects are expected to be small agglomeration
of vacancies, wider Gaussian component (Eg2) and second ionization
potential of iron were used for the calculation of these defects.

Based on these calculations we can characterise the size of the
radiation-induced defects in the irradiated materials to be 2–
5.5 Å in radius, which can be assigned to clusters of 5–10 vacan-
cies. The average value of �4 Å observed in the studied materials
after 3 years of irradiation, decrease to �3 Å after subsequent
annealing.

Let us assume that the positron trapping rate in these defects is
determined only by their cross-section. Consequently, the positron
trapping cross–section r+ (cm2) in these defects can be defined as:

rþ ¼ pR2
d: ð2Þ

For mean values of defect size (4 Å) we can obtain the positron
trapping cross-section as r+ = 5 � 10�15 cm2.

Since it is impossible to distinguish all types of defects expected
in the material, an additional assumption must be used that relates
to the two main classes of defects. The first class of defects repre-
sents the dislocations which are present in the initial (non-irradi-
ated) material, while the second class refers to radiation-induced
defects [4].

An elementary examination of the kinetics of the annihilation
process results in Eq. (3) for determining the mean value of the
concentration of defects from the main characteristics of the anni-
hilation spectra [13]:

jdNd ffi k2 � DI2 ffi
DI2

s2
: ð3Þ

Here jd = r+m (cm3 s�1) is the positron trapping rate constant
relating to radiation-induced defects, Nd is the concentration of
these defects, DI2 is the difference between the wide Gaussian
components of the non-irradiated and irradiated sample ACAR

spectra, k2 ¼ ðs2Þ�1 is the mean annihilation rate (lifetime) of the
component describing the annihilation in non-irradiated sample
as adopted from [11]. In the trapping rate constant,
m ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8k0T=ðpmþÞ

p
¼ 1:05� 107 (cm s�1) is the velocity of thermal-

ized positrons (k0 is the Boltzmann constant, T (K) is the tempera-
ture and m+ is the positron mass).

Using these parameters, the concentration of radiation-induced
defects in the irradiated materials can be defined by

Nd ¼
DI2

rþms2
: ð4Þ

Taking the mean size of radiation-induced defects (R = 4 Å) and
the values calculated above, we find the concentration of the radi-
ation-induced defects to be approximately 1016 cm�3. These are
average values for all the studied materials after 3 years of
irradiation.

In the work of Kocik et al. [11], the mean size of the radiation-
induced defects in VVER-440 weld material was characterized by a
positron lifetime of �260 ps (which corresponds to clusters of four
vacancies �R = 2.8Å). Taking the results from those experiments, we
obtain the trapping rate jdNd ffi 0.06/1.5� 10�10 s�1 = 4 � 108 s�1
P S Ni Mo Cu V

10.56 10.35 7.63 7.13 7.72 6.74
19.65 23.4 18.15 15.72 20.29 14.65

).
).
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and we find the defect concentration to be 2 � 1016 cm�3. Higher
concentration of defects can be explained by the higher fluence
(1025 m�2) of the irradiation treatment applied.

As mentioned above, the parabolic component of the spectra
characterizes the annihilation with electrons from the conduction
band. From this component, the values of Fermi energy (EF) and
density of conduction (free) electrons (Np(h)) can be derived
according (6) and (7) [13,16,17].

EF ¼
mc2

2
C2

p ¼ 0:256 � C2
p; ð5Þ

NpðhÞ ¼
8p
3

mc2

h

� �3

C3
p ¼ 5:942� 1020 � C3

p; ð6Þ

NpðhÞ ¼ 4:6� 1021 � E3=2
F : ð7Þ

where Cp is in mrad, EF is in eV and Np is in cm�3. The calculated
values are listed in Tables 2–4.

As can be seen from Tables 2–4 both the Fermi energy and the
conduction electron density decrease with the neutron fluence and
this decrease continues also after subsequent annealing. Both ef-
fects can be interpreted as an involvement of these electrons in
new chemical bonds created in the material. We can assume that
this phenomenon takes place preferably at the grain boundaries
and these bonds can be assigned, besides others, to formation of
carbide clusters and disk carbides as well as P and Cu rich clusters,
observed by Rogozkin et al. using the atom probe technique [3].
Since segregation of P and precipitation of Cu forms relatively shal-
low positron traps in comparison to the other types of defects
(vacancies, dislocations, grain boundaries etc.), more detailed char-
acterization of these structures will be the objects of follow-up
experimental works.

During annealing of the irradiated PRIMAVERA samples Fermi
energy and conduction electron density did not return to the initial
values of non-irradiated samples. These phenomena can be proba-
bly be explained by the low annealing temperature used, when
only a part of covalent bonds (e.g. in the carbides) formed during
irradiation, is broken. However, the chosen temperature is consid-
ered to be optimal for the VVER-440 materials in terms of anneal-
ing of the vacancy type of defects.

Performed ACAR investigation indicates also that in the case of
high phosphorus steel (HP), the first year of radiation exposure at
the typical VVER-440 operational conditions resulted in decreasing
of the small vacancy type defects concentration. This effect can be,
most probably, assigned to annealing of a part of originally higher
concentration of these defects due to thermal and radiation expo-
sure of steel samples. A similar effect, namely a decrease of the
positron lifetime in VVER-440 base material after irradiation
(7.81 � 1023 m�2), has been observed with the PAS-LT measure-
ments and published in [8]. We can argue that creation of new
radiation-induced defects is here in competition with the anneal-
ing effect due to temperature and due to neutron irradiation.

4. Conclusions

Experimental investigation of the PRIMAVERA steel samples
(VVER-440 weld materials) was carried out using positron annihi-
lation spectroscopy – ACAR measurements. By evaluating the
experimental results and correlating them with published data
we were able to identify radiation-induced defects and to estimate
their size and concentration.

Clear response of various phosphorus content materials to the
radiation exposure has been recognized. A common feature of all
irradiated materials is increased density of small radiation induced
vacancy clusters (R � 4 Å) during the radiation exposure, recog-
nized as a change of the intensity of the wide Gaussian component
(I2) in ACAR spectra. DI2 between irradiated and non-irradiated
sample sets varies from 5% to 15% during the total 3 years of
irradiation.

PRIMAVERA project results indicate a possible role of phospho-
rus and copper in change of steel properties after irradiation. Pos-
itron trapping process is, however, not significantly affected by the
presence of P and Cu clusters in the studied materials, since these
are shallow traps for positrons comparing to other defects present
in the material. Therefore the ACAR results allow to estimate the
size and concentration of radiation-induced defects (nano-objects)
and provide semi quantitative information on the new chemical
bonds created in steel materials, while they do not allow to quan-
tify specific role of P and Cu in these processes. The role of P and Cu
should be therefore further studied in follow-up experimental
works.

It is well known that post-irradiation annealing of the VVER-
440 (base or weld) materials can result in significant decreasing
of the radiation-induced defects and restoration of the mechanical
properties. As demonstrated in the present paper, the performed
thermal treatment (475 �C/100 h) decreases both the size and the
concentration of vacancy agglomerates. This phenomenon is
clearly visible in the case of LP material, where the material char-
acteristics after annealing exceed the initial values. Annealing
treatment of higher phosphorus content steel does not lead to full
restoration of original properties.

Our study confirmed that PAS-ACAR technique can be with
advantage applied in the investigation of the chemical bonds in
the metallic materials. In the forthcoming experiments, the posi-
tron lifetime technique (PAS-LT) will be used to complete the
investigation of the PRIMAVERA samples. This study allows a com-
plex and comprehensive evaluation of irradiation effects on the
VVER RPV materials, obtained by different experimental tech-
niques, which can contribute to the development of the relevant
embrittlement model.
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