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In the present article, a positron annihilation lifetime technique was used for the study of VVER-440/230
weld materials, manufactured in the frame of the international PRIMAVERA project on microstructural
investigation of the irradiated WWER-440 reactor pressure vessel steel. The present results complement
our previous report of positron angular correlation experiments and provide in-depth characterization of
vacancy type defects behavior under irradiation and thermal treatment. The results give new insight into
the previously published atom probe tomography and angular correlation of annihilation radiation stud-
ies. The measurements do not show any association of phosphorus or its segregation to the open volume
defects investigated by positron annihilation spectroscopy. The embrittlement effects related to the phos-
phorus seem to be effectively annealed-out during 475 �C thermal treatment and the post annealing
microstructure and mechanical properties of the material are consequently affected mostly by agglom-
erations of vacancy clusters coarsened during thermal treatment.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

The phenomenon of radiation embrittlement has been well
described in the last decades for both Western and Eastern mate-
rials used in nuclear reactors. A number of experimental works
has provided data, which can be used in the prediction of the
behavior of current generation reactor pressure vessel (RPV) mate-
rials beyond the end-of-lifetime fluence [1–3]. The role of the var-
ious alloying elements has been studied along the fabrication of
hundreds of model alloys. In order to improve the understanding
of various microstructural processes, many advanced analytical
techniques have been involved in the study of radiation effects
[3–6]. Application of these techniques in the study of irradiated nu-
clear materials requires not only the knowledge of the role of indi-
vidual parameters like chemical composition, neutron flux, fluence,
irradiation temperature, but also their complex interactions.

One of the key issues in the extension of the operation of the
Russian type VVER nuclear reactors is the thermal annealing of
the RPV. Phosphorus segregation and cooper enriched precipitates
were found to be the critical factors in the radiation embrittlement,
but their effect on the result of annealing recovery is not fully
understood yet. The international project PRIMAVERA was estab-
lished in order to extend the current knowledge and to predict
the behavior of VVER RPV after post-annealing re-irradiation. Var-
ious experimental techniques have already been applied to the
ll rights reserved.
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study of model materials with various phosphorus contents. The
results of tensile tests, Charpy impact tests and tomographic atom
probe investigations have been published recently [7,8]. Two dif-
ferent techniques based on positron annihilation spectroscopy
(PAS) were included in the PRIMAVERA test matrix. The results
of angular correlation of annihilation radiation (ACAR) have been
reported in our previous paper [9]. In the present study, we discuss
the results of a second PAS technique – lifetime measurements.
While the ACAR results provided mostly the information about
electronic environment around the annihilation sites, positron
annihilation lifetime spectroscopy (PALS) allows one to distinguish
whether annihilation occurs in defect-free bulk or in various types
of lattice defects.
2. Experiment

The weld 501, produced in accordance to standard technology
for the first generation of VVER-440 has been used in this project
[8]. In the radial direction of this weld, a typical gradient of the
phosphorus content was observed. Consequently, three different
groups of samples with phosphorus content varying in the range
0.025–0.040 wt.% were prepared. These samples, designated as LP,
MP and HP (low, medium and high phosphorus) were investigated
in the (i) unirradiated, (ii) irradiated (two different neutron fluence
levels) and (iii) irradiated and annealed state. Phosphorus content
(which is considered to be one of critical parameters for radiation
embrittlement of the Russian reactor steels) and chemical composi-
tion of the samples are given in Table 1. It is important to note the
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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).

Material 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
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higher phosphorus and copper content, as compared to conven-
tional VVER-440 weld (Sv-10KhFMT, WM) and base (15Kh2MFA,
BM) material.

Although the direct sensitivity of the PALS technique to the seg-
regation of P and precipitation of Cu is limited when the content of
these elements is low [10], it is known that these processes may
produce new sinks for radiation induced defects and affect the
nucleation of large open volume defects [11], which can be probed
by PALS.

Irradiation of the PRIMAVERA materials has been performed by
Russian Research Centre, Kurchatov Institute (RRC KI). Bulk sam-
ples were irradiated to two different doses at 270 �C. Irradiations
to a lower fluence (�1.2 � 1023 m�2) were performed with a neu-
tron flux of 0.4 � 1016 m�2 s�1 in the surveillance channels of Rov-
no1 NPP (Ukraine). Irradiations to a higher fluence (�6 � 1023 m�2)
were performed with a neutron flux of 2 � 1016 m�2 s�1 in the sur-
veillance channels of Rovno2 NPP. Individual neutron fluences are
listed in Table 2. After irradiation to a fluence of �6 � 1023 m�2,
one set of samples was annealed using the standard annealing pro-
cedure for VVER-440 RPV (475 �C/100 h).

Positron lifetime measurements of the PRIMAVERA materials
were performed at Institute of Theoretical and Experimental Phys-
ics, Russia. The experimental equipment was based on fast BaF2

scintillators coupled with XP1020 photomultipliers. Discrimina-
tion of the signals was achieved by Ortec 583B discriminators in
a coincidence configuration (Ortec 414A) and the final lifetime
spectra were stored in a PC equipped with multi-channel analyzer
card.

The positron source used in the experiments was prepared by
evaporation of aqueous solution of 22NaCl (Na isotope 22) with vol-
ume activity 37 MBq/ml. Two 7.5 lm polymer foils (Lavsan) were
used for the encapsulation of the positron source according the
ISO 2919 standard. The activity of the positron source was deter-
mined to be 2.95 MBq, using a 44Ti calibration source with known
activity.1

It was reported earlier that conventional lifetime measurements
of irradiated materials containing 60Co with use of 22Na positron
cannot be performed straightforward [12]. Three detector coinci-
dence setup described in the paper of Cizek et al. can effectively dis-
criminate the spurious 60Co signals, since only triple coincidences
belonging to 22Na (1274 keV start photon plus two annihilation
photons 511 keV) are accepted for the lifetime spectrum. Our ap-
proach, however, is based on the conventional two detectors setup
exploited in a series of complementary measurements with various
combinations of irradiated sample – unirradiated sample – positron
source, in order to precisely determine the effect of 60Co on the life-
time spectrum. Our measurements have shown that when the
activity of the 60Co is sufficiently lower than the 22Na activity
(�25% for high irradiated materials, see Table 2), 60Co contributions
to the lifetime spectra can be determined and properly taken into
account in the spectra evaluation. The first contribution is an
1 The energy of gamma quanta from 44Ti (1.16 MeV) is comparable to the gamma
energy from 22Na (1.28 MeV) and therefore the count rate ratio is equal to the ratio of
activities of these sources.
increase of the background due to 22Na–60Co coincidences. As
can be seen in Table 2, this contribution makes up to 42% of the
background value for high irradiated materials and 13–18% for
the low irradiated materials. The second contribution, measured
on irradiated samples without 22Na source, characterizes the con-
tribution of 60Co prompt peak to the signal. It was determined to
contribute up to 9.3% of the signal counts for high irradiated mate-
rials and �2% for the low irradiated materials. As this component is
identical to a zero lifetime, it was fixed in the fitting program as nar-
row Gaussian (e.g. 0.1 ps) shifted by 80–100 ps to the left from the
lifetime peak. The contribution of this component to the back-
ground was estimated to be less than 2% for high irradiated materi-
als and therefore it was neglected.

The approach described above can be summarized by the fol-
lowing steps (scheme A–B–Na(X)–B–A describe the source sand-
wich setup, where A is the outer sample, B is the inner sample
and Na (X) is the positron source or source dummy respectively).

2.1. Measurement of non-irradiated sample and determination of
source contribution

– Measurement of pure material with known lifetime (Si mono-
crystal) Si–Na–Si.

– Determination of the free parameters (all intensities and one
largest component lifetime) by fixing the lifetimes of Si and
Lavsan.

– Measurement of the non-irradiated material tiled by material
equivalent dummy sample (DS) to keep the geometry of consec-
utive measurements of irradiated samples DS-LP1-Na-LP1-DS.

– Determination of positron lifetimes and intensities of the mea-
sured sample by fixing the positron source components.

2.2. Measurement of irradiated sample and determination of Co60

effect (LP2 sample)

– Determination of Na–Co effect on background by measurement
in LP2-LP1-Na-LP1-LP2 setup and following subtraction of
DS-LP1-Na-LP1-DS spectrum background.

– Determination of prompt Co peak by measurement of LP1
-LP2-X-LP2-LP1.

– Measurement of irradiated sample (LP1-LP2-Na-LP2-LP1).
– Determination of positron lifetimes and intensities of the mea-

sured sample by fixing the positron source components, prompt
Co60 peak and background.

The same procedure was carried out for the LP3,4, MP2-4 and
HP2-4 samples.

When we consider two distinct types of defects in the bulk
material, individual trapping rates can be described as

jd1 ¼
I2

I1
½I3ðkd1 � kd2Þ þ ðkb � kd1Þ�; ð1Þ

jd2 ¼
I3

I1
½I2ðkd2 � kd1Þ þ ðkb � kd2Þ�; ð2Þ



Table 2
Neutron fluences, relative 60Co activities and individual cobalt contribution to the experimental spectra – calculated for each pair of samples (annealed samples are designated by
asterisk).

Sample Fluence (E > 0.5 MeV)
(m�2)

60Co activity – relative to 22Na (%)/volume activity
(MBq/g)

60Co peak contribution to lifetime
spectrum (%)

60Co contribution to signal
background (%)

LP1 0 – – –
LP2 1.13 � 1023 7.6/0.26 2.1 18.0
LP3 5.31 � 1023 26.6/1.59 9.3 42.0
LP4 5.66 � 1023⁄ 24.2/1.54 7.7 40.6
MP1 0 – – –
MP2 1.24 � 1023 4.8/0.50 2.0 15.5
MP3 6.39 � 1023 22.9/1.68 7.6 36.4
MP4 5.94 � 1023⁄ 20.0/1.53 6.6 36.4
HP1 0 – – –
HP2 1.22 � 1023 5.3/0.46 2.0 13.0
HP3 5.95 � 1023 22.8/1.81 7.7 38.0
HP4 5.71 � 1023⁄ 24.1/1.68 8.3 38.4
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where kb ¼ 1
sb
þ jd1 þ jd2; kd1 ¼ 1

s2
; kd2 ¼ 1

s3
are the annihilation rates

in bulk, defect 1 and defect 2, respectively and I1, I2 and I3 are the
intensities of individual components.

For a given type of defects, the positron trapping rate jd is pro-
portional to the defect concentration Cd:

jd ¼ Cdld; ð3Þ

Here ld is the positron trapping coefficient for the particular defect
type. For small vacancy clusters (n < 10) positron trapping rate is
proportional to the number of vacancies in the cluster and the con-
centration of small clusters can be written as

CnV ¼
jVC

nl1V
; ð4Þ

where l1V is positron trapping coefficient for mono-vacancies. In
case of spatially extended defects, such as voids or precipitates, pos-
itron mobility (diffusion to the defects) starts to limit the total trap-
ping rate [13]. Here, the diffusion limited trapping provides more
reliable results and positron trapping rate is given by:

CVC ¼
jVC

4preff Dþ
; ð5Þ

where D+ = (1 ± 0.5) � 10�4 m2 s�1 [14] is the positron diffusion
constant for Fe at 300 K, and reff denotes the effective radius of
the extended defects.

3. Results and discussion

After subtracting the background and fixing the 60Co prompt
contribution, the corrected spectra were fitted in the LT9.0 pro-
gram [15]. The source contribution with total intensity of 30%
was fixed as 175 ps, 427 ps and 1.84 ns components, which corre-
sponds to annihilation in NaCl and Lavsan foil. Two Gaussians with
fixed intensity 0.85 and 0.15 (FWHM �300 ps or �600 ps respec-
tively) were used to describe the resolution function affecting all
measured lifetime spectra. The contribution of prompt 60Co peak
was fixed as very narrow component (�0.1 ps), the intensity of
which was found to be in very good agreement with calculated
contributions listed in Table 2.

In all studied samples positron lifetime components of 120 ps
and 255 ps were found. These components correspond to annihila-
tion in the bulk (and dislocations) and annihilation in small clusters
of 4–5 vacancies [16]. In addition, a large component (350 ps) found
in the irradiated materials was attributed to large vacancy clusters
(r �4 Å) [9]. All lifetime components were fixed, leaving the inten-
sities as free parameters to be determined. Qualitative changes in
vacancy type defects were consequently characterized as relative
changes of the intensities of the individual components. The ob-
tained results are listed in Table 3.
In the materials with low and medium phosphorus content, an
increase of the bulk component as well as a decrease of positron
mean lifetime (MLT) after the first level of irradiation was observed
(Fig. 1). This can be attributed to the thermal annealing effect due to
irradiation temperature enhanced by thermal spikes from displace-
ment cascades, which is a competitive process to radiation induced
defect formation. The origin of this effect was described by Brauer
et al. as changes in the shape of carbides accompanied by a decrease
of the effective number of vacancy-like misfit defects [17]. As a re-
sult of that annealing, we observed that positron trapping at va-
cancy type defects decreases after irradiation to �1.2 � 1023 m�2

at 270 �C (Fig. 2a and b). Similar behavior was observed by Slugen
et al. [3] who reported decreasing positron lifetimes after irradia-
tion up to 7.8 � 1023 m�2 at 285–298 �C. It must be stressed, how-
ever, that the irradiation reported in that paper was performed with
slightly higher neutron flux than the present PRIMAVERA irradia-
tions (factor 5). It is known that higher fluxes promote dynamic
recovery leading to less pronounced radiation damage (e.g. swell-
ing) in reactor steels [18]. We assume that this is the reason that
in the present paper no decreasing of any positron lifetime compo-
nent was observed at fluence above 5 � 1023 m�2.

As can be seen in Fig. 1, the highest positron trapping at defects
and the highest positron mean lifetime in the non-irradiated mate-
rial was observed for the lowest phosphorus content (LP). This indi-
cates the highest concentration of various microstructural defects
(lattice imperfections) which can act as a positron traps. This
assumption is supported also by the previously performed mechan-
ical tests which show the LP material to have the highest yield
strength as well as highest ductile to brittle transition temperature
[19]. Both properties, hardness and brittleness, can be associated to
the presence of lattice imperfections predicted by PAS. Comparison
of the positron mean lifetime MLT and the yield strength (Rp0.2) for
the nonirradiated materials can be seen in the Table 4.

According to Eqs. (1)–(5) positron trapping rates and concentra-
tion of both assumed types of defects were obtained (Table 5). The
concentration of small defects is rather constant throughout the
experiment with notable decrease after thermal annealing. This
points out that the creation of vacancies induced by radiation is
accompanied by the coarsening of these defects due to radiation
and thermal aging. At a certain fluence (�5 � 1023 m�2) the agglom-
eration of vacancies can collapse into dislocation loops [5,20], which
can be observed as an unexpected change of the trend of positron
lifetime parameters. As can be seen in Fig. 3a and b, such behavior
was observed for the large vacancy cluster component of LP and
MP materials. One of possible interpretation can be indeed the col-
lapsing of vacancy clusters (s � 350 ps) into dislocation loops
(s � 150 ps). Another reason however, can be the different rate of
radiation damage accumulation, since the lower fluence was ob-
tained with a neutron flux of 0.4 � 1016 m�2 s�1, while the higher
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fluence was obtained with a neutron flux 2 � 1016 m�2 s�1. As men-
tioned above, lower neutron fluxes lead to more pronounced radia-
tion damage and therefore to qualitatively and quantitatively more
damage.

The general effect of annealing on the irradiated materials can
be seen in Fig. 1 and Fig. 3a–c. In all three materials, the 475 �C
annealing led to an increase of the bulk component, which means
reduction of positron trapping at defects. When, however, two
defect types are considered, distinct behaviors can be observed.
While the concentration of small VC decreases, the positron trap-
ping at large clusters/voids increases after annealing. This can be
generally attributed to the thermal coarsening of the vacancy clus-
ters. According to the previous ACAR experiments [9], these clus-
ters can be characterized as voids surrounded by Fe ions as no
decoration of these voids by impurity atoms was found. This points
out that the accumulation of the radiation induced point defects
and post irradiation coarsening of these defects is not predomi-
nantly localized in the precipitates although their role on the pre-
cipitation mechanism is still to be determined.

Coarsening of vacancy clusters similar to that described above
was reported by Bergner et al. for Cu-enriched VVER-type model
alloys after annealing at 475 �C for 100 h [21]. In the same work,
however, this effect was not observed in low-Cu alloy, where dur-
ing the annealing process dissolution of these defects preferably
takes place. Accordingly, Slugen et al. [22] reported significant
annealing of small as well as large vacancy type defects in low-P,
low-Cu VVER alloys. Tomographic atom probe study performed
on PRIMAVERA materials [7] confirmed large Cu-rich precipitates
after post-annealing re-irradiation. Coarsening of these nano-fea-
tures or changes in the shape of precipitate/matrix interface are
potential candidates for void nucleation site [17], but further stud-
ies are needed to confirm this.

The correlation of the present results with earlier investigations
of the mechanical properties [7] is unfortunately not completely
straightforward and must be discussed with respect to different
mechanism taking place in the microstructure of the irradiated
materials. Only the processes affecting both mechanical properties
of the material and positron trapping kinetics can be discussed in
common terms. However, there are processes significantly affect-
ing the mechanical properties of the material under irradiation
(e.g. segregation and precipitation), but they have only little
(direct) effect on positron trapping (although they might be still
studied by PAS in a simple model materials).

Let us assume that the thermal annealing of the irradiated mate-
rials has led to a significant annihilation of radiation induced pre-
cipitates (features that PAS is here not sensitive to) and similar
vanishing of dislocation loops [23]. Here the transition from the
non-irradiated state to irradiated and annealed state, on the level
of vacancy agglomerates, becomes an important factor in the aging
of material microstructure. When the process of thermal aging in-
duces both, annealing of small vacancy type defects and coarsening
Table 3
Intensities of the positron lifetime parameter in the studied materials.

Material I1 (%) I2 (%) I3 (%) Fit’s variance Backgr. MLT (ps)

LP1 56.5 43.5 0 0.97 47.5 178.7
LP2 67.4 25.2 7.4 1.36 134.7 171.0
LP3 60.1 35.3 4.7 1.08 169.2 178.6
LP4 67.4 24.4 8.2 0.92 167.7 171.7
MP1 59.0 41.0 0.0 1.00 106.3 175.3
MP2 63.4 32.6 4.0 1.01 124.8 173.1
MP3 58.8 41.1 0.1 1.10 173.4 175.8
MP4 61.3 34.2 4.5 0.83 164.6 176.5
HP1 59.4 40.7 0 1.06 102.2 174.9
HP2 58.8 41.2 0 0.93 117.1 175.6
HP3 59.2 37.6 3.3 0.89 163.0 178.2
HP4 64.0 28.8 7.2 1.03 164.6 175.3
of large vacancy agglomerates, positron mean lifetime values do not
necessarily characterize the difference between non-irradiated
material and irradiated and annealed material. Here, more reliable
results can be obtained from the lifetime components describing
just the large defects. These defects, if present in the material, play
an important role in the evolution of physical and mechanical prop-
erties. Table 6 contains a comparison of yield strength (Rp0.2), duc-
tile–brittle transition temperature (DBTT) and intensity of VC
components from PALS measurements (I3) for the three materials
studied. We assume that the presence of large open volume defects
increases the strength and decreases the ductility of the irradiated
and thermally aged material in comparison to the initial non-irradi-
ated state. Without the thermal annealing, mechanical properties of
the irradiated material are then given by a combination of several
factors (formation of dislocation loops, precipitation, segregation,
vacancy agglomeration, etc.). It seems that the vacancy agglomer-
ates play only a minor role here so that positron annihilation cannot
provide a clear information on the radiation embrittlement.
4. Conclusions

The positron annihilation lifetime experiments reported in the
present paper were conducted as part of the PRIMAVERA pro-
gramme on microstructural investigation of the irradiated WWER-
440 reactor pressure vessel steel. The obtained results complement
previous ACAR experiments on irradiated (and subsequently an-
nealed) VVER model materials. Although both techniques are based
on the electron–positron interaction, each technique provides dif-
ferent types of information about microstructural changes induced
by radiation and thermal treatment.

New experimental and data processing procedures were pro-
posed to overcome the high radiation background of 60Co, which
significantly disturbs the positron lifetime experiments when a
conventional 22Na positron source is used. The present procedure
employs standard two detector coincidence setup of the spectrom-
eter instead of three detector coincidence setup, usually applied for
the elimination of 60Co prompt peak. The main advantage of this
approach is the avoidance of a significant reduction in count-rate,
necessarily linked with the three detector setup.

Our experiments showed that basically three different pro-
cesses play a role in the microstructure evolution. All processes,
irradiation induced creation of point defects, thermally induced
annealing of these defects and thermal/irradiation induced coars-
ening of defects were considered in the interpretation of results.
As can be seen in the positron mean lifetime values, thermal
annealing of small defects is the dominant effect in the first level
of irradiation of steels with low and medium phosphorus content.
The material with the high P content showed only negligible
changes in the PALS parameters after irradiation to neutron fluence
of 1.2 � 1023 m�2. This material was also resistant to agglomera-
tion of large voids, which have been observed in LP and MP mate-
rials already at first fluence level. Creation of radiation induced
defects was observed in all studied materials irradiated to fluence
�6 � 1023 m�2 as an increase of positron mean lifetime. The most
pronounced increase (7.8 ps) was found in LP material. This how-
ever cannot be directly linked with the radiation embrittlement
without considering the well known effects of phosphorus segre-
gation and copper precipitation. Although these processes may
be investigated by PAS in some defect-free model materials, they
can be hardly distinguished in the PALS spectra of real materials
containing additional types of lattice imperfections acting as posi-
tron traps. Nevertheless, the correlation of the present results with
the previous mechanical tests is reasonable in certain cases.

As our measurements showed, the role of the vacancy type de-
fects, though hardly distinguishable during irradiation, can be



Fig. 1. Intensity of positron lifetime in defect-free bulk (left) and positron mean lifetime (right).

Fig. 2. Intensities of small (point) defects component from positron lifetime measurements (h) and narrow Gaussian component from ACAR measurements characterizing
open volume defects (M) published in [9].
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investigated in the annealed microstructure. The microstructure
properties after recovery annealing (dissolution of the radiation in-
duced precipitates and annealing of dislocations) is more sensitive
to the behavior of vacancy type defects and particularly to their



Table 4
PALS and tensile test results of the non-irradiated materials.

Material MLT (ps) Rp0.2 (MPa)

LP1 178.7 534
MP1 175.3 505
HP1 174.9 492

Table 5
Positron trapping rates and concentrations derived from the experimental data for
small vacancy clusters (4 V) and large vacancy clusters (VC).

Material j1 (s�1) j2 (s�1) C(V3) (m�3) C(VC) (m�3)

LP1 3.86 � 109 0 9.89 � 1022 0
LP2 1.90 � 109 6.37 � 108 4.87 � 1022 1.27 � 1021

LP3 2.97 � 109 4.48 � 108 7.61 � 1022 8.92 � 1020

LP4 1.84 � 109 7.04 � 108 4.72 � 1022 1.40 � 1021

MP1 3.48 � 109 0 8.92 � 1022 0
MP2 2.59 � 109 3.59 � 108 6.65 � 1022 7.14 � 1020

MP3 3.51 � 109 1.05 � 107 8.99 � 1022 2.10 � 1019

MP4 2.82 � 109 4.20 � 108 7.23 � 1022 8.35 � 1020

HP1 3.43 � 109 0 8.80 � 1022 0
HP2 3.51 � 109 0 8.99 � 1022 0
HP3 3.20 � 109 3.12 � 108 8.21 � 1022 6.21 � 1020

HP4 2.29 � 109 6.48 � 108 5.86 � 1022 1.29 � 1021

Table 6
PALS, tensile test and impact test parameters of the irradiated and annealed materials.

Material I3 (%) Rp0.2 (MPa) DBTT (�C)

LP4 8.2 558 47
MP4 4.5 524 23
HP4 7.2 558 26
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agglomeration. This, as we assume, can be linked with the results
of Charpy and tensile tests and therefore with the mechanical
Fig. 3. The concentrations of two observed types of defects (h – small cluster of
properties. Having this in mind, we can consider the annealing pro-
cess to be most effective for the material with medium
(0.031 wt.%) phosphorus content. We assume that the better duc-
tility found in this material is enhanced by a low concentration
of large open volume defects. These were found in all annealed
materials with positron lifetime spectroscopy as well as angular
correlation measurements. Although the ACAR technique did not
show any connection between vacancy accumulation and precipi-
tation/segregation of the impurities (copper, phosphorus), the role
of vacancies on these processes is still not understood and must be
further studied.

The present paper together with published reports show that
the PAS techniques represent complementary tools for microstruc-
tural investigation. A combination of positron lifetime technique
with techniques based on momentum distribution of annihilation
radiation (ACAR or eventually the Doppler broadening spectros-
copy) can provide unique information about size and distribution
of the vacancy type defects.
three vacancies; M – large vacancy cluster) calculated from the PALS results.
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