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ARTICLE INFO ABSTRACT

PACS: The hardening and embrittlement of reactor pressure vessel steels are of great concern in the actual
28.52Fa nuclear power plant life assessment. This embrittlement is caused by irradiation-induced damage, and
s;gggj’( positron annihilation spectroscopy has been shown to be a suitable method for analysing most of these

defects. In this paper, this technique (both positron annihilation lifetime spectroscopy and coincidence
Doppler broadening) has been used to investigate neutron irradiated model alloys, with increasing chem-
ical complexity and a reactor pressure vessel steel. It is found that the clustering of copper takes place at
the very early stages of irradiation using coincidence Doppler broadening, when this element is present in
the alloy. On the other hand, considerations based on positron annihilation spectroscopy analyses suggest
that the main objects causing hardening are most probably self-interstitial clusters decorated with man-
ganese in Cu-free alloys. In low-Cu reactor pressure vessel steels and in (Fe, Mn, Ni, Cu) alloys, the main
effect is still due to Cu-rich precipitates at low doses, but the role of manganese-related features becomes
pre-dominant at high doses.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The irradiation-induced hardening and embrittlement of reac-
tor pressure vessel (RPV) steels are of great concern for nuclear
power plant (NPP) life assessment. For the sake of their preserva-
tion, NPPs have already been subjected to a lot of investigations
[1]. It was observed that the materials used for the reactor vessels
are prone to embrittle due to irradiation. However, the real nature
of the radiation damage responsible for this embrittlement, and its
evolution with dose still require close examination.

Irradiation-induced embrittlement in RPV steels is convention-
ally ascribed to three main causes [2]: precipitation, matrix dam-
age and grain boundary segregation. While precipitation and
segregation have been profoundly studied [2], it is still unclear,
what the nature and the main mechanisms of the formation of ma-
trix damage are. Small vacancy and interstitial clusters are well-
known to be produced directly in displacement cascades [3,4].
These clusters aggregate to larger defects such as nano-voids and
self-interstitial loops. At the same time, solute atoms may diffuse
to these clusters, giving rise to large, complex defect-solute config-
urations. But which solutes and how and why they stabilize clus-
ters is still a debated matter.
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For this present work, the experiments conducted by positron
annihilation spectroscopy (PAS) in the European framework PER-
FECT were used to interpret the corresponding hardening results
that were obtained by tensile tests. PAS gives valuable information
on irradiation-induced vacancy type defects [5-8]. In this tech-
nique, the positron is applied as a probe. As anti-particle of the
electron, the positron is trapped by defects with a different elec-
tron density than the bulk-material, such as vacancies, vacancy
clusters, interfaces, second phase particles, dislocations, etc. [9].
Moreover, due to the difference in positron affinity of the different
atoms, positrons can annihilate with higher probability in the pre-
cipitates as compared to the bulk-material [10]. The power of PAS
lies in its ‘self-seeking’ and non-destructive nature, which gives the
possibility to find very small defects (>0.1 nm) even in very low
concentrations (>1 ppm).

Significant progress in the characterization of vacancy clusters
has been made by PAS during the past decades [11-15]. The focus
is now being put on the chemical surroundings of the clusters that
are sensitive to positrons, to obtain a better understanding of the
nature of the matrix damage. Positrons are indeed sensitive to
the precipitates. Therefore, a substantial effort is being re-deployed
to use this technique to identify the ultimate causes of hardening
and embrittlement in RPV steels. In this paper, the results obtained
from PAS investigations of different neutron irradiated Fe and (Fe,
Cu) alloys as well as of (Fe, Mn, Ni) and (Fe, Mn, Ni, Cu) alloys, are
described and discussed. The results are then correlated to the
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irradiation-induced hardening data obtained in the same samples
[16]. For the sake of comparison, also a Western type RPV steel
was examined.

2. Materials and irradiation conditions

Starting from electrolytic iron, seven different model alloys
were fabricated, with growing chemical complexity between two
extremes, i.e. pure Fe, (Fe, C), (Fe, 0.1% Cu), (Fe, 0.3% Cu), (Fe, Mn,
Ni), (Fe, Mn, Ni, Cu) and a real RPV steel. The materials were pre-
pared using argon-arc melting and zone refinement methods. The
resulting ingots were cold-worked after austenisation tempering.
A final heat treatment at 1075 K for 1 h was performed to release
the stresses and to get well re-crystallized materials. This was fol-
lowed by water quenching. Table 1 provides the composition of the
alloys.

All the materials have been irradiated in the test reactor BR2 at
SCKeCEN, to different doses. The temperature and the pressure
were maintained constant during irradiation between 565 and
570 K and at 150 bar, respectively. In a previous paper [17], the en-
tire set of specimens irradiated up to 0.1 dpa (i.e. about 40 years of
radiation and the theoretical end-of-life of the NPPs) is taken into
consideration. In this present paper these results are compared to
the ones of the samples irradiated with a damage of 0.2 displace-
ments per atom (dpa) (~13 x 10'° cm? for the considered neu-
tron flux of (9.5 +0.5) x 10> cm~2s~!, with E, > 1 MeV), with the
aim to reveal the effect of each chemical element on the develop-
ment of matrix damage and its influence on the material hardening
at higher irradiation doses.

3. Measurement and analysis

Positron annihilation lifetime spectroscopy (PALS) and coinci-
dence Doppler broadening (CDB) spectroscopy, both available in
the hot cell laboratory of SCKeCEN, have been used in a comple-
mentary way. PALS measurements give information on the elec-
tron density of the material at the place of annihilation, while
CDB spectroscopy allows measuring the momentum distribution
of the electron-positron annihilated pair, giving information of
the chemical environment of the annihilation site. These results
have been correlated with the mechanical properties that were ob-
tained from tensile tests, measured before and after irradiation.

3.1. Tensile test measurements

The mechanical properties of the samples were determined, by
performing tensile tests. The specimens used for these measure-
ments had a gauge length of 15 mm with a diameter of 3 mm.
The heads of the specimens had a diameter of 8 mm and the total
length was 26 mm. All measurements were performed at room
temperature, with a strain rate of about 2 x 10451,

Starting from the engineering stress-strain curves, the yield

strength was calculated. Further on in this paper, the increase of

Table 1
The composition of the studied alloys.

Material Concentration (wt%)
C Cu Mn Ni

Pure Fe <0.002 <0.005 0.010 <0.005
(Fe, C) 0.005 0.015 0.015 <0.005
(Fe, 0.1% Cu) <0.002 0.11 0.007 <0.005
(Fe, 0.3% Cu) <0.002 0.315 0.010 <0.005
(Fe, Mn, Ni) <0.002 <0.005 1.09 0.75
(Fe, Cu, Mn, Ni) <0.002 0.105 1.08 0.72
French RPV steel 0.14 0.064 1.30 0.75

yield strength in the irradiated material, compared to the non-irra-
diated one, is used as reference property. In the case of the non-
irradiated (Fe, Mn, Ni, Cu) alloy, due to a shortage of material, only
hardness measurements could be performed. From these data it
was however possible to estimate reliably the corresponding yield
strength value, based on obtained correlations.

3.2. Positron lifetime measurements

Non- and irradiated specimens of 10 x 10 x 1 mm?> have been
first surface-polished to a mirror finish, and then chemically etched
using a (HF + H,0, + H,0) solution to remove the deformed surface
layer. The specimens, taken two-by-two in a sandwich-like fash-
ion, with the positron source in-between, were mounted in the
positron specimen holder under biologically shielded environ-
ment. The sandwich was then automatically loaded in the mea-
surement cell between three BaF, detectors working in anti-
coincidence mode. All measurements were performed at room
temperature using a 22Na positron source, with a strength of
2 MBq, wrapped in Kapton foils.

Within a few picoseconds after the positron is implanted in the
material by its source, a y-ray is emitted with an energy of
1274 keV. This y-ray is detected and used as the birth signal. The
positron will thermalize in the material (~100 pm during a few
ps) and diffuse (~100 nm) until it is trapped by a defect. At this de-
fect, the positron will stay until it annihilates with an electron.
During annihilation, the electron-positron pair will disappear by
emitting two anti-collinear y-rays with an energy of 511 keV.
The lifetime of the positron can thus be measured as the time delay
between the birth and the annihilation gammas.

As the studied specimens were neutron irradiated, the standard
technique had to be adapted. Depending on the radioactivity of the
samples, the distance separating the detectors was adjusted to
minimise the background. Care was taken to separate correctly
the y-peaks coming from the specimens and those related to the
positrons, by following the procedure described by Jardin et al.
[18]. Due to their activation, the acquisition of statistically relevant
number of counts, namely at least one million, has required up to 1
month for these high dose irradiated samples. The analysis of the
obtained spectra has been performed using the LT-software [19].
The resolution of the setup was constantly checked to be about
175 ps, while the source contribution was set to 15% with a single
lifetime of 393 ps. The lifetime spectra have been decomposed into
two lifetimes, the shortest 7, and the longest one 7, with their
respective intensities I; and I, (with I; + I, = 1). The main lifetime
used within this paper has been measured, but it is very close to
the calculated value (7, =1; x 71 + I x T3). More detailed informa-
tion about the experimental setup is given by Jardin et al. [18,20].
Here, it has been shown that for our setup, the lifetime measured
in non-irradiated pure Fe samples corresponds to (107.57 £ 0.38)

ps.
3.3. Coincidence Doppler broadening measurements

The momentum of the annihilating positron-electron pair is
transmitted to the annihilation quanta. The longitudinal compo-
nent p; of this momentum along the direction of the y-ray emis-
sion produces a Doppler shift AE=p;c/2 on the energy of the
annihilation radiation (c is the speed of light). This shift results in
a broadening of the annihilation peak at 511 keV (=mc?; m is the
mass of an electron), which is easily observed in an accurate energy
measurement of the photons.

The specimens for CDB have been prepared in the same way as
for PALS. The CDB measurements have been performed as de-
scribed by Verheyen et al. [16]. The analysis of the results have
been made using CDB ratio curves, obtained by normalizing the
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momentum distribution to the one of unirradiated defect-free pure
Fe. The S- and W-parameters were extracted from each spectrum.
They are defined, respectively as the ratio of low-momentum
(IpL] < 2.5 x 103 mc) and high-momentum (15 x 1073 mc < |p| <
25 x 1073 mc) regions in the CDB spectrum to the total region.

As the total curves are normalized, the S- and W-parameters
will be correlated. Nevertheless, both parameters will contain dif-
ferent information. The valence electrons can only give rise to a
small difference in the energy of the annihilation y-rays, while
the core electrons can lead to all different kinds of energy changes.
The former will thus contribute to the peak of the CDB curves, and
will therefore be observed by the S-parameter. The latter, on the
other hand, will contribute to the wide momentum region. There-
fore, the W-parameter qualifies these electrons. Moreover, the
changes in the y-energies due to the core electrons will possess
specific information of the chemical elements.

4. Results and discussions

In the previous paper [17], it was shown that most of the hard-
ening in Cu containing alloys is due to precipitates, which are pro-
duced already at the start of the irradiation [21]. A minor influence
of the matrix damage was also observed at 0.1 dpa. There was pre-
dicted that the contribution due to the matrix damage would be-
come more pronounced at higher irradiation doses. At the same
time, two possible matrix damage features were introduced, i.e.
manganese decorated self-interstitial atom (SIA) loops and vacancy
(v)-induced precipitates consisting mainly of manganese and nick-
el. The farmer was believed to be the most important, although no
real prove was given. In this paper the matrix damage will be fur-
ther discussed, using the results at higher dose.

Here, the results of the yield strength, the CDB measurements
and the PALS results of the samples irradiated at 0.1 dpa are re-
peated in Figs. 1-3, respectively. The results of the yield strength,
as well as those for the CDB measurements are expressed as the in-
crease with respect to the non-irradiated values (the CDB spectra
have first been normalized to pure iron). For the PALS results, no
such increase has been defined. As the results for non-irradiated,
defect-free samples only have one component, such a definition
would not be appropriate. Therefore, it should be mentioned that
the results for the non-irradiated materials are all very close to
the value of defect-free pure iron, i.e. 107 ps.
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Fig. 1. Comparison of the hardening (change of yield strength of the irradiated
sample compared to the unirradiated one) for all materials. The values are given for
the materials irradiated up to 0.1 and 0.2 dpa.

The results of the samples irradiated at 0.2 dpa are shown in the
same figures for comparison. While for the hardening, the biggest
changes have been seen in the alloys containing manganese and
nickel (including the RPV steel), almost no changes have been
found in the positron results for these alloys. By PAS, drastic
changes only have been observed for the binary (Fe, Cu) alloys.
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Fig. 2. The low (S-parameter) and high (W-parameter) momentum fractions of the
CDB spectra are shown for all materials. The increase of the parameter is given as
the difference between the value for the irradiated specimen and the one for the
non-irradiated specimen of the same material. The values are given for the
materials irradiated up to 0.1 and 0.2 dpa.
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Fig. 3. Comparison of the positron lifetime results for all materials. The results are
divided into two lifetime components (7; and 7,) and their average is given as well
(Tm). In part (a), the intensity (I,) of 7, is given (with I(t1) + Ix(72) = 1), while in part
(b), the results for 74, 7 and 7, are shown. The values are given for the materials
irradiated up to 0.1 and 0.2 dpa. The theoretical values of positron lifetime in v-
clusters obtained by Kuriplach et al. [22] are also reported.
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It has been observed for all the materials that vacancy clusters
were produced under irradiation, as a second PALS component (i.e.
a component related to the defects) occurs. These vacancy clusters
seem to grow drastically in pure iron during further irradiation. As
the number density of the second PALS component decreases con-
siderably, this growth, observed by the second component itself, is
mainly caused by agglomeration of smaller defects. The mean life-
time, on the other hand, does not change when the irradiation dose
increases. This indicates that most of the newly produced vacan-
cies disappear at sinks, although some single vacancies, that are lo-
cated too far from the sinks to disappear, are present in the matrix
as well. These vacancies have a lifetime, which is much smaller
than the one of the clusters and therefore they will be found as a
part of the first PALS component. An increase of this first compo-
nent is thus observed. The obvious decrease of number of defects
causes a small return of the CDB results to the initial, defect-free
state, because fewer positrons will be trapped by the remaining
defects.

The same observations are found for the (Fe, C) alloy; the main
lifetime stays constant, while both the first and second component
increases when the dose increases. There should be noticed that
the presence of carbon restricts the vacancy growth, while more
single vacancies are present in the matrix at the high dose com-
pared to pure iron. C thus reduces the mobility of the vacancies
at this high dose.

In both alloys the hardening increases a little. In [17], it was ex-
plained that most of the hardening in these alloys is due to SIA
loops, as the contribution of the vacancy clusters is negligible. Also
the fact that the hardening increase in-between the two investi-
gated irradiation doses is more explicit for the alloy containing car-
bon impurities, indicate that the vacancy clusters play only a minor
role in the hardening, as the ones found in pure iron were observed
to be bigger.

In both binary (Fe, Cu) alloys a small decrease of the hardening
is observed. This was not expected, as no decrease of the hardening
was found before. It is found in literature that copper plays a role
on the hardening in the very early stage of irradiation, but satu-
rates quite rapidly [2,23]. More detailed investigations should thus
be performed to determine the origin of this decrease. In this pa-
per, this has been done using the PAS results.

In Fig. 4 the full CDB curves are shown for the (Fe, Cu) alloy con-
taining 0.3% of copper, normalized to pure iron. It is clear that for
both irradiation doses, the copper-specific peak is still present.
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Fig. 4. The low full CDB spectra (normalized to pure iron) are shown for (Fe, 0.3%

Cu), (Fe, Mn, Ni) and (Fe, Mn, Ni, Cu) at 0.1 and 0.2 dpa. The spectra of pure copper
and nickel are added as well, for comparison.

Therefore, it is possible to conclude that copper is still located at
the annihilation, and that the precipitates are not dissolved. The
same has been found for the alloy containing 0.1% of copper.
Although the W-parameter of the CDB measurements decreases
enormously for the highest dose, it did not yet reach the value
for pure irradiated iron. Also only for these alloys, a marked change
of the mean lifetime is observed. More vacancies are thus observed
by the PAS techniques at the highest irradiation dose compared to
the lower one. As vacancies are preferentially localized in the cop-
per-rich precipitates (see [17,24]), there can be assume that these
precipitates will grow in amount of vacancies with augmenting
dose, inducing an enormous decrease of W (positrons annihilate
with valence electrons of the copper atoms), and an increase of S
and the second PALS component. The amount of precipitates stays
approximately constant, as the intensity of the second PALS com-
ponent does not change for neither of the alloys.

This change of the microstructural composition of the precipi-
tates may be the cause of the decrease in the hardening, observed
by the tensile tests. Indeed, the changing amount of vacancies will
lead to a changing strength of the precipitates. As the defects be-
come softer the total hardening of the sample will decrease.

A drastic change of the hardening at the highest irradiation dose
is observed for the samples containing manganese and nickel. This
increase is found although no important clustering of the vacancy
type of defects occurs, as it is shown by the low 7, values. Indeed,
for the (Fe, Mn, Ni) alloy even the contrary is found; more and
smaller vacancy defects are observed. This is seen by a higher
intensity of a lower second PALS component, as well as by a higher
S-value. Fig. 4 indicates that even at the highest irradiation dose,
some copper and/or nickel is located at the annihilation sites. As
the peak for pure nickel looks very much like the one of copper,
it is impossible to distinguish which of the two elements is present.
In contrast to the finding that only very small vacancy clusters are
produced, a lowering of W for irradiation to the higher dose is
found. This points to the fact that most of the new vacancies will
not be combined with copper or nickel.

When also copper is added to the alloy, a little bit of clustering
of vacancies is observed, what points to the presence of copper.
Vacancies will gather in the copper precipitates, at the same time
as they will be scattered in the matrix, combined with the other
alloying elements. There can thus be assumed that no clustering
of manganese and nickel occur as a result of their motion com-
bined with vacancies.

This eliminates the hardening contribution of one of the matrix
damage features ((v)-induced precipitates consisting mainly of
manganese and nickel) as they have been discussed in [17]. The
explanation of manganese decorated SIA loops, on the other hand,
is still valid. As these loops are initiated at a lower dose, the newly
produced interstitials will be trapped by them, inducing an enor-
mous growth of the SIA loops, while the small loops are stabilized
by the presence of manganese. The vacancy-solute combinations,
on the other hand, are mobile. So, when they meet such a manga-
nese-stabilized SIA loop, the vacancy can recombine with a SIA
from the loop, while the solute (i.e. manganese, nickel or copper)
would stay in this case and decorate the loop.

All the results in Figs. 1-3 of the RPV steel are comparable with
those of the model alloys containing manganese and nickel. The re-
sults of the steel is always in-between the two model alloys.

5. Conclusions

The results of the experiments conducted for this study were
used to interpret the corresponding hardening results. It was ob-
served that most of the irradiation-induced hardening in RPV steels
and their model alloys irradiated up to a damage density of 0.1 dpa
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was still due to copper precipitation. But even at this irradiation
dose, matrix damage already played an important role. As copper
precipitation was fully completed by this dose, the influence of ma-
trix damage becomes more manifest when the material is irradi-
ated up to a higher dose.

It was shown that further irradiation of the binary (Fe, Cu) al-
loys leads to a decrease of the hardening. An increasing amount
of vacancies in the copper precipitates implies a little bit of soften-
ing of these precipitates.

But for the addition of manganese and nickel to the alloys, a
drastic increase of the hardening is observed. As no vacancy clus-
tering is visible, this phenomenon is not due to manganese and/
or nickel precipitation in the same way as the copper precipitated
before. Therefore this hardening will be due to the appearance of
manganese decorated SIA loops.
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