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ARTICLE INFO ABSTRACT
Keywords: Understanding the behavior of reactor pressure vessel (RPV) steels under irradiation is a mandatory task
RPV steels
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that has to be elucidated in order to be able to operate safely a nuclear power plant or to extend its life-
time. To build up predictive tools, a substantial experimental data base is needed at the nanometre scale
to extract quantitative information on neutron-irradiated materials and to validate the theoretical mod-

APT els. To reach this experimental goal, ferritic model alloys and French RPV steel were neutron irradiated in
TEM a test reactor at an irradiation flux of 9 x 10'” nm~2s, doses from 0.18 to 1.3 x 10%* nm 2 and 300 °C. The
PAS main goal of this paper is to report the characterization of the radiation-induced microstructural change
SANS in the materials by using the state-of-the-art of characterization techniques available in Europe at the

nanometre scale. Possibilities, limitations and complementarities of the techniques to each other are

highlighted.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The application of experimental techniques to the microstruc-
tural characterization of neutron-irradiated ferritic model alloys
of increasing complexity has contributed to the mechanistic under-
standing of irradiation embrittlement of reactor pressure vessel
(RPV) steels [1]. Simultaneously, modeling in this field has been
characterized by the evolution from empirical models of prediction
of the ductile to brittle transition temperature (DBTT) shift [2], via
mechanistically-based correlations (MBC) [3,4] to multi-scale mul-
ti-physics (MSMP) models [5,6]. The latter aim at being sufficiently
reliable to be safely extrapolated to never tested conditions, espe-
cially high doses. The availability of models of this type will also
help reducing the amount of experiments needed, thereby reduc-
ing the need to produce, handle, test and store radioactive materi-
als. To be applied to irradiation embrittlement, dedicated
experiments on ferritic model alloys are required to identify the
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basic mechanisms responsible for embrittlement and to constitute
a thorough experimental validation of the submodels at the appro-
priate time and space scale. These models are supposed to be
developed fully based on physical considerations, without fitting.
The validation provides thus an indication of whether all relevant
mechanisms have been understood and introduced or not. In this
context, the European PERFECT project was initiated [7] to bring
together the knowledge gained in Europe and abroad from the var-
ious disciplinary involved in the phenomena of radiation effects on
the mechanical performance of reactor pressure vessel steels. The
approach adopted was to investigate Fe-base materials of increas-
ing complexity irradiated in a test reactor. The main goal of this pa-
per is to report on the nanometer-scale characterization of these
materials.

Among the experimental techniques able to detect the irradia-
tion-induced microstructural changes at this scale, atom probe
tomography (APT), small-angle neutron scattering (SANS), trans-
mission electron microscopy (TEM) and positron annihilation spec-
troscopy (PAS), play a particular role. It turned out that, because of
the complexity of the problem as well as particular strengths and
weaknesses of the individual techniques, there is no single method
capable of solving all the related issues. Therefore, combinations of
two or more techniques were applied to the materials in order to
get a more complete picture including composition, morphology
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and distribution of the irradiation-induced features [8-13]. Few
investigations in the literature make use of a synergistic combina-
tion of the results obtained from different methods (e.g. [9]). The
aim is to demonstrate the complementarity of different techniques
as well as synergisms while focusing on combinations between
APT, SANS, TEM and PAS.

These methods as well as the compositions and the irradiation
conditions of materials [14] are briefly introduced in Section 2. Sec-
tion 3 is devoted to the results obtained by each individual tech-
nique (APT, SANS, TEM and PAS). They are individually described
in Refs. [15-18]. The whole set of results is exploited in Section 4
in order to obtain a coherent picture of irradiation damage in the
present case and of the effects of dose and of the alloying elements,
mainly Cu, Mn and Ni.

2. Experimental details
2.1. Materials and irradiation conditions

Fe-base alloys with increasing complexity were studied: Pure
iron, low copper Fe-0.1 Cu (wt.%), high copper Fe-0.3 Cu, copper-
free Fe-1.2 Mn-0.7 Ni, Fe-0.1 Cu-1.2 Mn-0.7 Ni and a 16MND5
RPV steel. The materials were prepared using argon-arc melting
and zone refinement methods, starting from electrolytic iron. The
resulting ingots were cold-worked after austenization tempering.
A final heat treatment at 1075 K for 1 h was performed to release
the stresses and to get well-recrystallized materials. The resulted
model alloys were essentially composed of ferrite grains having a
size ranging from 50 to 200 um when going from the quaternary
alloy (FeCuMnNi) to pure Fe. The average initial dislocation density
was very similar in all alloys of about 5 x 10> m 2.

The nominal compositions of the fabricated materials were con-
trolled by chemical analysis (CA). The results are given in Table 1.
They were performed at EDF R&D (France) by ICP/MS (Induced
Coupled Plasma/Mass Spectrum), except for the free carbon within
the matrix, measured by internal friction at SCK-CEN (Belgium).
The compositions were checked by APT analysis at the University
of Rouen (France) before irradiation in the Fe-0.1Cu, FeMnNi, FeC-
uMnNi model alloys and in the RPV steel. CA and APT measure-
ments performed in the Fe-0.1Cu and FeMnNi alloys are in good
agreement. In the FeCuMnNi alloy, the APT measurements gave
lower values than CA. The difference is most probably due to the
non-homogeneous distribution of the alloying elements in the
whole produced ingots. While in the case of the RPV steel, the ob-
served depletion in Mn and C is certainly due to the presence of
carbides, observed by TEM. Furthermore, the APT analyses were
used to check the initial distribution of the solutes known to pre-
cipitate under irradiation (Cu, Mn, Ni and Si). The statistical y? test

Table 1

confirmed their homogeneous distribution at the nanometer scale
before irradiation.

The neutron irradiation was conducted at 300 °C and 150 bars
in the CALLISTO loop of the BR2 test reactor at SCK-CEN (Mol, Bel-
gium) to mimic the temperature and pressure of RPV steels in PWR
reactors. The materials were wrapped tightly in steel capsules to
avoid their contact with the cooling water and to ensure a high
thermal conductivity in the whole capsule. The average tempera-
ture measured by the numerous thermometers (more than 14
per capsule) was (300 £ 5) °C. The specimens were exposed to a
constant neutron flux of 9 x 10" nm2s~! (E>1MeV). The
reached neutron doses were determined via the analysis of the
multiple flux monitors that were inserted in each capsule. Four
irradiation campaigns have been performed to accumulate increas-
ing doses ranging from 0.18 to 1.3 x 10** nm=2 (E>1 MeV). In
terms of displacement per atom (dpa) and by using the widely ac-
cepted cross-section of 1500 barns for neutrons of energy higher
than 1 MeV, these conditions correspond to a dose rate of about
14 x 107 dpas™! and to four doses (0.025, 0.05, 0.1 and
0.2 dpa). It is worth mentioning that 0.1 dpa corresponds to about
40 years of operation of pressurized water reactors. A more de-
tailed description of the materials including exact material compo-
sitions, irradiation conditions and mechanical characterization
before irradiation can be found in Ref. [14].

The investigation by means of the four microstructural charac-
terization methods involved was not conducted for the whole set
of materials. For the sake of clarity, the conditions studied by every
characterization technique are gathered in Table 2.

2.2. Atom probe tomography (APT)

The kinetic of solute clustering after irradiation was followed by
APT [19]. This technique is known to be a very efficient tool for the
chemical analyses of solute-enriched clusters. Their characteristics
- number density, size and composition - as well as the matrix
composition are accurately determined in the volume accessible.
Analyses were performed at set-up developed at the University
of Rouen (France). To reduce the energy spread of emitted ions,
they were conducted with an energy compensating device (a
reflectron lens). Furthermore, to avoid the preferential evaporation
of copper, the experiments were carried out at a cryogenic temper-
ature of 50 K and with an electrical pulse fraction of 20% of the
standing voltage. All the experiments were performed with a pulse
rate limited to 0.03 atom/pulse to reduce the risk of failure of the
needle-shape sample. The analyzed volume was typically
15 x 15 x 100 nm® for each sample. More details about the treat-
ment of the data and how to get the essential information out of
them can be found in Ref. [15].

Nominal compositions of the ferritic alloys and of the RPV steel obtained by chemical analyses (CA) and AP measurements. AP measurements in the 16MND5 RPV steel revealed
also the presence of Mo, Al, Cr and Co with a respective content of 0.39 + 0.04, 0.02 £ 0.01, 0.24 + 0.01 and 0.03 + 0.01 at.% in agreement with the literature [55-57].

Material at.% Cu Mn Ni C P Si
Pure iron CA <0.004 0.007 <0.005 <0.01 0.01 0.009
Fe-0.1Cu CA 0.079 0.010 <0.005 <0.01 0.011 0.01
AP 0.085 + 0.006 - - - 0.0045 +0.001 -
Fe-0.3Cu CA 0.28 0.006 <0.005 <0.01 0.014 <0.009
FeMnNi CA <0.005 1.11 0.71 <0.01 0.009 <0.01
AP - 1.12 £ 0.02 0.73 £0.01 - 0.0045 + 0.001 -
FeCuMnNi CA 0.092 1.11 0.68 <0.01 0.009 <0.01
AP 0.068 + 0.006 0.98 +0.02 0.57 £0.02 - 0.0034 +0.0015 -
16MND5 CA 0.056 1.31 0.71 0.65 0.013 0.385
AP 0.05+0.01 1.07 £ 0.06 0.6 £ 0.05 0.048 +0.01 0.008 + 0.006 0.48 + 0.04
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Table 2
Overview of the methods applied to the individual materials.

Material Neutron dose (dpa) Methods applied
Pure Fe 0.025 PAS TEM
0.05 TEM
0.1 PAS TEM
0.2 SANS PAS TEM
Fe-0.1Cu 0.025 SANS APT PAS TEM
0.05 SANS APT PAS TEM
0.1 SANS APT PAS TEM
0.2 SANS APT PAS TEM
Fe-0.3Cu 0.025 SANS PAS TEM
0.05 SANS PAS TEM
0.1 SANS PAS TEM
0.2 SANS PAS TEM
FeMnNi 0.025 APT PAS
0.05 SANS APT PAS
0.1 SANS APT PAS TEM
0.2 SANS APT PAS TEM
FeCuMnNi 0.025 APT PAS
0.05 SANS APT PAS
0.1 SANS APT PAS TEM
0.2 SANS PAS
RPV steel 0.025 PAS TEM
0.05 SANS PAS TEM
0.1 SANS PAS TEM
0.2 SANS APT PAS TEM

2.3. Small-angle neutron scattering (SANS)

Small-angle neutron scattering (SANS) is capable of characteriz-
ing the size distribution of nm-sized irradiation-induced defect-
solute clusters in ferritic alloys. This is done by measuring the scat-
tering cross-section in a saturation magnetic field applied to the
sample, separating nuclear and magnetic contributions from the
anisotropy introduced by the magnetic field, subtracting the scat-
tering cross-section for an unirradiated control sample and calcu-
lating the size distribution by solving an inverse problem. The
lower detection limit is about 0.5 nm in cluster radius. An advan-
tage is the averaging capability resulting from a probed volume
of some 10 mm® and from a number of scattering events of the or-
der of 10°. In addition, some integrated information on the average
cluster composition is given by the ratio of magnetic and nuclear
scattering as described in Section 4.2.

The experiments were performed at the SANS facilities at PSI
Villigen [20] (Switzerland) and LLB Saclay [21] (France) by SCK-
CEN (Belgium) and the data analysis was performed by FZD (Ger-
many). The measuring procedure and analysis are described in de-
tail in Ref. [16]. We assumed a dilute two-phase matrix-inclusion
microstructure composed of non-magnetic spherical scatterers
randomly dispersed in a pure Fe matrix. The indirect transforma-
tion method [22] was applied in order to derive the size distribu-
tion of scatterers without assuming a certain type of distribution.

2.4. Transmission electron microscopy (TEM)

Microstructure of neutron-irradiated materials was examined
by TEM with a microscope JEOL type, model JEM-2010 operating
at 200 keV, at CIEMAT (Spain). This technique is able to detect clus-
ters of point defects (vacancies or interstitials) induced by irradia-
tion, with sizes over 1.5nm. It is worth to point out that
information from the interstitial component of the radiation dam-
age can be obtained. It is not detected with other microstructural
characterization techniques in such a direct way.

Diffraction contrast methods were employed for imaging defect
microstructure according to methodologies described, for instance,
in Refs. [23,24]. From TEM images, quantitative information was

obtained about the density and size of the observed defects. Count-
ing of defects was performed on TEM images recorded under
reflections type g=(1, 1, 0) where the best contrast was obtained.
The presence of voids was studied by means of a through-focal ser-
ies recorded with the foil tilted away from the Bragg condition for
all reflections [23,24]. The trend of microstructure evolution has
been studied in terms of defect density and defect size. A full
description of the methodology employed is described in Ref. [17].

2.5. Positron annihilation spectroscopy (PAS)

It is known that positrons are very sensitive to all types of va-
cancy-clusters and vacancy-solute complexes [13]. As these de-
fects will play an important role in the formation of the features
causing hardening, positron annihilation spectroscopy (PAS) is an
excellent technique to investigate their behavior under irradiation,
in order to obtain a complete understanding of the irradiation-in-
duced damage. Indeed, in this technique, the positron is applied as
a probe. As antiparticle of the electron, the positron is trapped by
defects with a different electron density than the bulk material,
such as vacancies, vacancy clusters, interfaces, second phase parti-
cles, dislocations, etc. [25]. Moreover, due to the difference in pos-
itron affinity of the different atomic species, positrons annihilate
with a different probability in the precipitates as compared to
the bulk material [26]. The power of PAS lies in its possibility to
find very small defects (>0.1 nm) even in very low concentrations
(>1 ppm), its “self-seeking” nature and its non-destructiveness.

Positron lifetime measurements were also performed at SCK-
CEN, using the same procedure as described by Jardin et al. [27].
These measurements provide information on the size and density
of small vacancy-type defects. This information is not easily with-
drawn. Vehanen et al. [28] proposed a mechanism to analyze the
positron experiments and to calculate the size and density, starting
from the positron lifetime results. The positron trapping model in
the presence of two types of defects was lately used to estimate
size and density of the defects [29].

3. Results
3.1. APT

Solute-enriched clusters were detected after irradiation in the
four materials studied by APT (Fig. 1), but were found to be very
diffuse. The proportion of iron within the clusters is always higher
than 50%. There is a controversy about the iron content in radia-
tion-induced clusters reported by atom probe analyses in low cop-
per ferritic materials ([Cu] < 0.1 wt.%). Indeed, some authors found
very diffuse clusters [30-34], in agreement with our measure-
ments, while others reported clusters with a very low amount of
iron [35-37]. This discrepancy is certainly due to the difference
in the algorithm used to characterize clusters. A description of
the maximum separation envelope method referring to Refs. [35-
37] can be found in Ref. [38] while the description of the method
used in this study can be found in Ref. [15].

Phosphorous atoms gather also, in association or not with other
solutes, even though the amount of phosphorous is expected to be
quite low in these model alloys. The whole set of results obtained is
given in Table 3 and Figs. 2-5. The precipitated volume fraction
was calculated taking into account the proportion of solute atoms
(iron excluded) within clusters (Fig. 2) [39], to be in consistency
with the hypothesis of non-magnetic scatterers assumed to inter-
pret the SANS data. Volume fractions obtained with iron included
are also given for comparison.

In the low copper Fe-0.1Cu alloy, copper-enriched clusters were
formed after irradiation starting from the lowest dose of 0.025 dpa.
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3 nm

14 x 14 nmi’

Fe

70 nm

Fig. 1. (a) APT reconstitution of a small volume of the FeMnNi alloy after neutron irradiation up to 0.2 dpa. Iron atoms are not represented for clarity of the image. (b and c)

Enlargement of manganese and nickel enriched clusters.

Table 3
Summary of the APT results. N is the number of clusters detected in each case.

Material Irradiation N Cluster composition (at.%)

Kdosg(dpa) Group? Cu Mn Ni
Fe-0.1Cu  0.025 4 -b - -

0.05 3 23+5 - -

0.1 3 115+2 - -

0.2 6 256 - -
FeMnNi 0.1 11 - 9.1+0.7 33x05

0.2 14 - 13.7+£2 341
FeCuMnNi  0.025 3 1 89+0.3 3.9+0.1 1.6+0.1

0.05 9 1 8321 3+1.8 24+1.1

0.1 3 1 133+23 3535 47%28

13 2 0.7+0.7 6.4+33 44+44

RPV steel 0.2 16 - 84+1.7 -

¢ Two cluster groups were detected. Clusters of group 1 are mainly enriched in
copper while clusters of group 2 are only enriched in manganese and nickel.

P All the clusters were located at the edge of the analyze cylinder. Thus, the
composition of clusters cannot be determined.

Their number density is equal to 10*> m~3 and stayed constant up
to 0.2 dpa, the highest dose reached (Fig. 3), in agreement with pre-
vious results obtained by APT or SANS in binary Fe-Cu alloys
[33,10]. The cluster nucleation was thus already finished at
0.025 dpa and no coarsening occurred. In addition, from 0.025 to
0.2 dpa, the precipitated volume fraction (iron excluded) increases
from (0.019+0.003)% to (0.064 *0.004)%, indicating a cluster
growth with dose.

In the copper-free FeMnNi alloy, no cluster was detected after
irradiation at the two lowest doses reached: 0.025 and 0.05 dpa,
but the distribution of manganese was not homogeneous in both
cases and the distribution of nickel was not homogeneous after
irradiation at 0.05 dpa. After a dose of 0.1 dpa, clusters enriched
in manganese and nickel or in manganese only were formed. Their
number density stayed unchanged up to 0.2 dpa (Fig. 3), while the
solute precipitated volume fraction increased (Fig. 2), so the cluster
grew during irradiation with dose.

In the FeCuMnNi alloy, two clusters groups could be distin-
guished (Table 3). Clusters of group 1 were formed from the lowest
dose of 0.025 dpa. They are mainly enriched in copper. Their
enrichment in solute was quantified by applying the relation (2)
in Ref. [15]. We found a copper enrichment greater than 100
whereas the manganese and nickel enrichments are limited to
few units (2-8). Clusters of group 2 appeared only after a dose of

0.1 dpa, therefore much later than clusters of group 1. They are en-
riched in manganese and nickel or in manganese only. The mean
enrichments in manganese and nickel are equal to 6 and 7,
respectively.

Results obtained in the Fe-0.1Cu, FeMnNi and FeCuMnNi model
alloys indicated that copper clusters formed earlier than manga-
nese and nickel ones. The first were detected at the lowest dose
of 0.025dpa while the second formed after a higher dose of
0.1 dpa. This experimental finding could most probably be attrib-
uted to the difference in the solute clustering process. Indeed un-
der irradiation, two mechanisms may explain the solute
clustering. The first one is an irradiation-enhancement of the diffu-
sion, due to the supersaturation of mobile vacancies at the irradia-
tion temperature. The second one is a more complex mechanism of
irradiation-induced clustering, generated by the flux coupling be-
tween mobile point defects and solute. The former is mediated
by the same driving force than the one operating during the copper
clustering under the thermal ageing of Cu-rich steel or Fe-alloys. It
can thus only occur in a supersaturated solid solution. Since copper
is highly insoluble in the o-iron at 300 °C, while manganese and
nickel are soluble, at least in their respective binary system, man-
ganese and nickel segregation may just be induced by the irradia-
tion, while copper clustering may also result of an irradiation-
enhancement. In addition, the comparison between results ob-
tained in the Fe-0.1Cu and FeCuMnNi alloys shows that the copper
precipitation kinetic is decreased in the presence of manganese
and nickel. It is in consistency with findings from a rate theory
model calibrated from the TEM distributions of point defect clus-
ters formed during irradiation in the same model alloys. Indeed,
it reveals that the experimental results could be reproduced by
increasing the migration energy of vacancies in the more complex
alloy [40,41]. Since it is well known that the transport of copper oc-
curs mainly via vacancies (e.g. [6]), our experimental APT observa-
tion can be explained by the reduction of the vacancy mobility in
presence of manganese and nickel, which may delay the copper
precipitation.

The 16MND5 RPV steel was investigated by APT after irradia-
tion up to 0.2 dpa. The clusters detected were found to be enriched
in manganese only.

3.2. SANS

For a complete description of the obtained scattering curves and
size distributions we refer to Ref. [16], here the emphasis is put on
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Fig. 3. Number density of radiation-induced damage as functions of dose from APT, SANS, TEM and PAS measurements.

the data interpretation. The size distributions obtained are essen-
tially single-peaked. The total volume fraction of clusters, the esti-
mated number density (integrated from the lower detection limit,
0.5 nm, upwards), the radius at the peak of the size distribution
and the A-ratio, found for each investigated alloy and condition
according to Ref. [42], are summarized in Figs. 2-5. Here,

A=1+M]|N, where M and N denote the magnetic and nuclear con-
tributions to the total intensity integrated in the size space. It is
important to remind that the size distributions were obtained
based on the assumption of a dilute two-phase matrix-inclusion
microstructure composed of non-magnetic spherical scatterers
randomly dispersed in a pure Fe matrix.
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It is observed (Fig. 2) that the binary Fe-Cu alloys exhibit a sat-
uration-like behavior of the volume fraction. The saturation value

corresponds to about the atomic fraction of Cu in both alloys,

namely 0.085

and 0.28 at.%, indicated by dashed lines in the figure.
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It is important to note that this does not mean that all Cu is in the
clusters. In fact, clusters may also contain Fe atoms (as indicated by
APT) and vacancies (as indicated by PAS). As for the other materi-
als, a monotonous increase of the volume fraction as a function of
dose is observed in the covered dose range. In the Ni- and Mn-con-
taining alloys the dose range of the steepest increase is delayed in
comparison with pure Fe and binary Fe-Cu alloys. The sum of the
volume fractions for the Fe-0.1Cu and FeMnNi alloys is smaller
than the volume fraction observed for the FeCuMnNi alloy (for in-
stance at 0.2 dpa: 0.089 vol.% (in Fe-0.1Cu)+ 0.13 vol.% (in FeM-
nNi) < 0.41 vol.% (in FeCuMnNi)), indicating a synergistic effect of
Cu and Mn/Ni.

For pure Fe and the binary Fe-Cu alloys, an increase of cluster
size as a function of both Cu-level and dose is observed (Fig. 4).
For the other alloys the peak radius is about 1 nm for all investi-
gated conditions and there is no clear dose dependence.

In the case of pure Fe the measured A-ratio agrees well with the
value expected for any kind of self-defects, vacancy clusters in par-
ticular, A = 1.4, indicated in Fig. 5. For both binary Fe-Cu alloys, the
A-ratio exhibits similar dose dependence and passes through a
maximum at about 0.05 dpa. This dependence can be interpreted
in terms of the Cu-fraction of mixed Cu-vacancy clusters also pass-
ing through a maximum located near 100% Cu at a dose of about
0.05 dpa. Smaller values of the A-ratio that are partly even falling
below the value of self-defects are characteristic of the complex al-
loys. This is clear evidence for the dominant role of the Mn-content
in the defect-solute clustering process. In fact, Mn is the only ele-
ment presenting a negative nuclear scattering length and, there-
fore, being capable of reducing the A-ratio to a value below 1.4.
There seems to be a tendency of the A-ratio to increase with dose
for the complex alloys.

3.3. TEM

Fig. 6 shows, as an example, a TEM image of the microstructure
produced in pure Fe by neutron irradiation up to 0.2 dpa. Damage
observed from 0.025 to 0.2 dpa by diffraction contrast methods
was in the form of directly observable defects identified as small
dislocation loops. These defects were distributed homogeneously
in the matrix, though in some cases dislocation decoration was also
observed. Visible loops increased in size with dose but no overlap
was observed in this dose range.

It has been found that in pure Fe irradiated to 0.2 dpa, the
majority of dislocation loops have a (1 00) Burgers vector type,
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Fig. 6. TEM image of a neutron-induced microstructure in pure Fe at 0.2 dpa.

and they are believed to be of interstitial nature in agreement with
results in literature for similar experimental conditions [40,43,44].
However, the fact that some of the smaller dislocation loops are va-
cancy in nature is not discarded, though it is not probable that
large dislocation loops are vacancy type as pure vacancy clusters
are more stable, in general, spherical in shape. The presence of
voids was studied in the case of pure Fe neutron irradiated up to
0.2 dpa, where large voids with average size of (12 + 0.4) nm and
estimated density of 1.2 x 102 m—3, were observed. In addition,
small voids were found, with sizes of about 2 nm, were also de-
tected. Large and small voids appear to be randomly distributed
throughout the grain interior, the large ones appeared some times
associated to dislocation lines, but they were not observed to ap-
pear preferentially associated to dislocation loops.

In the rest of the model alloys, a similar neutron-induced micro-
structure was found, regarding the presence of defects in the form
of dislocation loops. TEM examinations in order to study the possi-
ble presence of a population of voids are still underway. On the
other hand, the RPV steel was also examined before and after neu-
tron irradiation, and no defects that could be attributed to neutron
exposure were observed.

Quantitative information that was obtained from TEM images
regarding density and size distribution of defects of interstitial
type is summarized in Figs. 3 and 4. Also, Fig. 7 shows defect size
distributions in the form of histograms for different doses and
model alloys. It is worth noting that defect size on histograms re-
fers to the larger dimension, i.e. diameter, of the observed defects.

Defect density increases for the case of pure Fe when dose in-
creases from 0.025 to 0.2 dpa; the data are consistent with a linear
dependence. In both Fe-Cu alloys the observed effect of dose was
similar to what was found in pure Fe, namely, dislocation loop den-
sity increases with increasing dose, though a linear dependence
cannot be stated as in pure Fe. A clear effect of copper content
on defect density could not be extracted. However, the presence
of Cu influences the proportion of types of Burgers vector of the ob-
served clusters. In fact, the percentage of ¥2 (1 1 1) increased from
14% in pure Fe to 37% in the Fe-0.3Cu alloy, at 0.2 dpa.

Regarding the effect of dose, a clear influence on size distribu-
tion is observed. The histograms illustrating the size distribution
become broader as the dose increases in all the model alloys,
meaning that interstitial clusters grow as dose accumulates from
0.025 dpa upwards. Thus, maximum size increases with dose and
the same happens to mean size. The growth of existing clusters oc-
curs together with the generation of new ones as a population of
defects with size at the resolution limit of TEM, 1.5-2 nm, is always
observed.

Also a clear effect of composition on size distribution is ob-
served. This becomes narrower in both Fe-Cu alloys compared to
pure iron. Indeed, the average cluster size decreases with respect
to pure Fe for the same irradiation dose and maximum cluster sizes
reached by the interstitial loops are also smaller than in pure Fe.
This means that the presence of copper in the material reduces
the rate of growth of interstitial clusters being necessary a higher
dose to reach a similar size as in pure iron.

As for the other alloys, the effect of composition on size distri-
bution is more pronounced in the case of the FeCuMnNi and FeM-
nNi alloys where the lowest average sizes and the narrowest size
distributions are obtained. It is observed in fact that average size
decreases as the system becomes more complex, as it was also ob-
served in ferritic model alloys under cascade damage ion irradia-
tion [41].

The FeMnNi copper-free alloy showed the lowest density
among all the investigated alloys. Size distribution is also narrower
than in pure Fe and the Fe-Cu alloys, similar to the FeCuMnNi al-
loy. This indicates that both, Mn and Ni atoms, hinder the intersti-
tial loop growth and over more they seem to suppress the
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Fig. 7. Size distributions of neutron-induced dislocation loops in model alloys showing dose and composition influence. Size is given in terms of diameter.

dislocation loop development, as a fairly reduced number density
of the dislocation loops compared to that for iron was observed.
Hence, TEM results reflect a possible interaction of Mn and Ni
atoms with interstitial point defects or clusters.

Results from TEM regarding interstitial component of damage
in the form of dislocation loops, show that the kinetics of formation
and growth of this type of defects are influenced by the alloying
elements present in the material.

3.4. PAS

The size and the density of the defects detected by PAS have
been calculated using the approach described in Ref. [29]. The
resulting average values are depicted in Figs. 3 and 4. Care should
be taken about the fact that the size is calculated depending on the
average amount of vacancies present in the clusters. As it is known
that the vacancy clusters, which are produced during irradiation,
are mostly decorated with alloying elements, this method will
underestimate the real size. On top of this, it is known that the cop-
per plays an important role on the positron trapping behavior. It is
therefore necessary to estimate the average copper coverage of the
clusters. This has been done using the high momentum part of the
coincidence Doppler broadening spectra. Using this average cover-
age, a better estimation of the amount of vacancies in the clusters
could be performed. This leads to a much higher size in the binary
Fe-Cu alloys, compared to the other model alloys.

It is assumed that the ternary alloys and those with higher com-
positional complexity will contain also vacancy clusters combined
with alloying elements. But, it is not possible to separate the effects
of the individual element. Therefore, the size obtained with posi-
trons will be underestimated.

For the effective calculation of the density of the defects, a sec-
ond short positron lifetime trap was included. These traps were as-
sumed to be mono-vacancies combined with a foreign element.
These features will play an important role in the formation of other
defects, but it will not change their behavior.

For pure iron, it is observed that the size of the clusters
increases gradually with the irradiation dose, while the number
density of the clusters decreases. The clusters thus grow by

agglomeration of smaller clusters. Newly produced vacancies
(caused by the irradiation) will be distributed between the clusters
and the bulk. The estimated diameter agrees with the one observed
by Eldrup et al. (see Fig. 4 of [45]) for pure iron irradiated with neu-
trons in a test reactor at approximately the same dose at 70 °C. The
number density of the defects, however, is about 10 times lower
here than the one found by Eldrup et al., due most probably to
the difference in irradiation temperatures. Indeed, at higher tem-
perature, the vacancies, isolated or forming small clusters are more
mobile and therefore a higher amount could be eliminated at sinks.

In the Fe-0.1Cu alloy, the vacancy clusters seem to be very sta-
ble with dose. Nevertheless, a small decrease of the vacancy clus-
ters number density is found after about 0.05 dpa. This is most
probably due to the agglomeration of the small clusters. Thereafter,
the amount of clusters remains almost constant. Newly produced
vacancies will thus be trapped by the clusters, as proposed by
Verheyen et al. [46]. In the Fe-0.3 Cu, the cluster number density
keeps on growing with irradiation dose. This indicates that there
is still copper available in the matrix for forming new clusters. As
more clusters can be formed in this alloy, the clusters will remain
smaller in term of the included amount of vacancies. Nevertheless,
the total vacancy-Cu clusters will be bigger due to a larger amount
of copper atoms.

In the alloys containing manganese and nickel, the observed va-
cancy cluster sizes are extremely small, while the density of the
defects is much higher compared to the other alloys. When also
copper is available, the average density of the defects remains a lit-
tle lower, compared to the alloy without copper. Therefore, it is be-
lieved that some clustering occurs, namely the formation of
copper-vacancy complexes. Nevertheless, the amount of vacancies
in these complexes remains very low. Also the results of the RPV
steel indicate a great deal of very small vacancy clusters.

4. Discussion
4.1. TEM versus SANS

The scattering theory according to Seeger [47] has been applied
in order to calculate the scattering cross-section expected from the



E. Meslin et al./Journal of Nuclear Materials 406 (2010) 73-83 81

TEM

141

10
8
6

Frequency /%
Coherent scattering

cross sectionfcm sr-1

4

21

g
0 5 10 15 20 25
Void diameter fnm

SANS
| —————————ry —
3 e Fe, 0.20 dpa {measured)3
0.1 « — Fe, unirradiated control
3 2 3
0.01 | 2o, "
0.001 | \\ 1
0.0001 | SN
E ———  Voids from TEM (calculated) ]
1E-5 ¢ - . 3
£ = = = Unirradiated control + voids E
1E-6 L i e i g B ol i ]
0.2 0.3 0.5 1 2 3

Scattering vector, @ / nm1

Fig. 8. Measured scattering cross-section for Fe, cross-section calculated on the basis of the size distribution of voids obtained by TEM for the same material and comparison

of the resulting scattering cross-sections at low values of Q.

distribution of dislocation loops [48] detected by TEM for 0.2 dpa
in pure Fe [17]. It turns out that the cross-section is orders of mag-
nitude too small to explain the irradiation-induced increase of the
scattering intensity in both the high-Q and low-Q range observed
in Fig. 8 [48]. The same holds true, if the dislocation loops are inter-
preted as thin slices characterized by an average magnetic scatter-
ing length reduced with respect to the Fe matrix [49]. The
conclusion that dislocation loops are not responsible for the ob-
served increase of scattering cross-sections is also valid for the
other materials and irradiation conditions considered. In this
sense, TEM and SANS are complementary.

The scattering cross-section calculated from the distribution of
nanovoids detected by means of TEM [17] for 0.2 dpa in pure Fe is
shown in Fig. 8. We have found that this contribution is capable of
explaining the irradiation-induced increase of the scattering cross-
section observed at low values of the scattering vector, Q. The addi-
tional increase of cross-section at high Q-values, Q>1nm™}, is
interpreted as a second population of smaller vacancy clusters or
depleted zones in pure Fe. The SANS data for pure Fe in Figs. 2-5
refer to the latter population only. Detectability of these clusters
in the TEM is limited, but their detection has been successful in
pure iron at 0.2 dpa in this work.

4.2. APT versus SANS

Information derived from APT and SANS analyses is partly over-
lapping. In fact, both methods give information on size, volume
fraction and composition of clusters and can be cross-checked in
these respects. Comparisons between results are given in Figs. 2-
4. Clusters of size smaller than 0.5 nm were not detected by SANS.
It results in a slight overestimation of cluster sizes by this method
and an underestimation of their number density. However, uncer-
tainties on the values of volume fraction are lower because small
scatterers contribute little to volume fraction. Data obtained by
APT are subjected to uncertainties also. Indeed, effects of local
magnification and trajectory aberrations may slightly change the
cluster radius obtained by APT, especially when they contain a
non-negligible amount of vacancies. In the case of copper-rich
clusters embedded in an iron matrix, it would result in an under-
estimation in the two directions perpendicular to the analyze
direction. In addition, the cluster sizes are strongly correlated to
the location of the cluster interface, which can be quite undefined,
especially in the case of dilute clusters. To have a reproducible esti-
mation, it is necessary to have a criterion. The criterion used in that
study is described in Ref. [15]. In the case of the volume fraction

(iron excluded), the estimation by APT may be slightly underesti-
mated, if the solute clusters are associated with vacancies [50,51].

Concerning the cluster size, results are fully consistent with
what was expected. APT measurements are slightly lower than
SANS measurements (Fig. 4). In the case of the number density, re-
sults obtained in the Fe-0.1Cu alloy are in good agreement, proba-
bly because the proportion of small copper-enriched clusters is
low. In the FeMnNi and the FeCuMnNi alloys and in the RPV steel,
cluster number density obtained by SANS is lower than those de-
tected by APT, as expected. Furthermore, the precipitated volume
fractions obtained by SANS are slightly larger than those obtained
by APT (iron excluded) (Fig. 2). The most prominent assumption for
this difference is related to the magnetic character of the scatter-
ers, i.e. the presence of iron within clusters. We reported in the
same figure (Fig. 2), for comparison, the volume fractions deduced
from APT results by including iron atoms detected within clusters.
The values calculated are largely higher than those obtained by
SANS. However, it is worth noticing that a fraction of 50% Fe in
the clusters bearing the same magnetic moment as matrix Fe
would result in a four times higher volume fraction, to compensate
the reduced SANS contrast. It is important to note that despite of
the uncertainty regarding the magnetic character of the scatterers,
the volume fractions obtained by SANS on the assumption of non-
magnetic scatterers are not meaningless. In fact, they still repre-
sent a lower bound of all possible volume fractions.

In order to confront results derived from APT and SANS in terms
of cluster composition, it is worth estimating the A-ratio, according
to Eq. (1) [52], using the cluster composition found by APT

(1)

A:‘]+< 6.0(nge — 1) + 1.0ny; )2

9.45(nge — 1) + 10.3ny; + 7.720¢y — 3.75NMn

The atomic fractions, ny, were taken from Table 3. A-ratios cor-
responding to the average composition as well as lower and upper
bounds were calculated (Fig. 5). It should be noticed that according
to Eq. (1), the A-ratio of clusters composed of only one solute atom
(e.g. mixed Cu-Fe) is independent of the Fe fraction in the clusters
as long as the Fe atoms bear the same magnetic moment as matrix
Fe. The A-ratio measured by SANS for Fe-0.1Cu (except for
0.05 dpa) is smaller than the values derived from the APT data. This
may be due to two factors. First, the magnetic moment of Fe atoms
in the cluster may be larger than those in the matrix [53]. Taking a
1.05 times higher moment [53], the A-ratio obtained from SANS
may be reduced from a value of 13 to about 9. This effect is clearly
not the dominant cause of the discrepancy, although it may
contribute slightly. Second, the clusters may contain a vacancy
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fraction, as observed by PAS, but not detected by APT causing the
A-ratio to decrease up to a limit of 1.4 for pure vacancy clusters.
The second argument sounds the most plausible at this stage.

For the FeMnNi and FeCuMnNi alloys and the RPV steel we
partly observe deviations between average A-ratios obtained by
SANS and A-ratios deduced from APT compositions. These devia-
tions may be interpreted as being due to rather wide distributions
of cluster composition. In fact, the average from a small ensemble
of clusters as covered by APT may differ from the average observed
for a macroscopic volume. Moreover, bimodal distributions of
composition were directly observed by APT.

4.3. APT versus TEM

Information given by these two methods is distinct but comple-
mentary. Solute atoms clustering can be detected by APT while
resolvable dislocation loops are visible by TEM. In the assumption
of a heterogeneous precipitation of solute clusters on the point de-
fect clusters [15,30,33], we expected the number density of the for-
mer to be at least equal to the number density of the latter. The
apparent discrepancy shown in Fig. 4 is probably due to the detec-
tion limit of the TEM. Clusters of size lower than 1.5 nm in diame-
ter are not taken into account. In addition, copper clusters
segregated on a 10-nm size circular object were detected by APT
in Fe-0.1Cu irradiated up to 0.2 dpa [41]. It corresponds probably
to a 10-nm size decorated dislocation loop, which presence was
confirmed by the TEM analysis.

4.4. PAS versus the other techniques

PAS is sensible to the vacancy type of defects only and can give
valuable information to complete the observations made by TEM.
In this specific case, TEM was used to determine the type and size
of defect clusters that are not accessible to the PAS technique. In-
deed, the interstitial type of loops cannot trap the positrons at all
and the microvoids observed specifically in Fe irradiated to high
dose are perfect traps for positrons but are too large and too scarce
to be quantitatively analyzed by PAS. Thus both techniques are to
be considered as fully complementary to characterize the matrix
damage.

Comparing PAS with APT and SANS techniques, at a first sight
one could say that they are totally different as they are based on
distinct physical basis. But, in the present case it appears that they
do mainly detect the same defects, namely solute clusters with or
without the presence of vacancies in the same site. By APT, solute
atoms are detected, while no vacancies can be observed. This is in
fact the opposite of what is detected by PAS. Therefore, the size
seen by PAS is strongly underestimated. Nevertheless, also for
the binary Fe-Cu alloys, where the PAS size has been given as
vacancies and copper atoms, the obtained PAS size is smaller than
the one of APT. This indicates that the clusters are diluted, as indi-
cated by APT. This leads to an additional underestimation of the
sizes by the PAS technique.

On the other hand, for all the materials, the number density of
vacancy-type clusters detected by PAS is higher than the number
density of solute clusters detected by APT (Fig. 4). The difference
may come from the presence of vacancy clusters not associated
with solute atoms. It can also reflect the contribution of very small
vacancy-solute complexes not taken into account by APT. Indeed,
the solute clusters detected by APT correspond to clusters contain-
ing more than about ten solute atoms in the real material (corre-
sponding to five solute atoms in the reconstructed material,
because of the detector efficiency of about 50%).

Furthermore, the formation of very small vacancy-solute
complexes, not detected by APT, may also explain the differences
observed in the FeMnNi alloy. Indeed, an important increase is

observed in-between the two last irradiation doses in the PAS
results, while for the APT results, saturation is observed. This
could indicate that new defects were formed, which remain very
small.

The SANS results also give information on about the same de-
fects, but since the detection limit of this technique is about
0.5 nm, small defects will not be observed, leading to a higher aver-
age size of the observed defects and a lower average density. The
comparison between the SANS data with those obtained from
APT analysis make it clear that the information obtained from
PAS needs to be integrated in order to reach a consensus on the
apparent discrepancy observed between SANS and APT results. In
fact, only the combination of the three techniques would allow a
full qualitative description of the features induced by irradiation
in the dilute alloys investigated here.

5. Conclusions

The results of a joint investigation using APT, SANS, TEM and
PAS of neutron-irradiated pure Fe, ferritic model alloys and French
16MND5 RPV steel at 300 °C were presented. Starting point is a
careful discussion of the effects of both composition and irradia-
tion conditions on radiation damage obtained from each method
individually. APT investigation is mainly devoted to the matrix
composition and to composition, size and density of solute clus-
ters; a decorated dislocation loop has also been identified. SANS
analysis is sensitive to volumetric defects of both vacancy- and sol-
ute-type while providing robust spatial averages. TEM analysis is
concentrated on the size distribution and type of dislocation loops;
nanovoids have also been detected for pure Fe. PAS analysis is de-
voted to small vacancy-rich defects. Complementarities and over-
laps of the applied techniques were identified.

The following conclusions can be drawn on the evolution of de-
fect-solute clusters under neutron irradiation and on the effects of
alloy composition and fluence within the covered range of
conditions:

The neutron irradiation of various Fe-based alloys promoted the
formation of nanometer-size features. They correspond to point
defects and solute clusters.

The former can be interstitial in type (dislocation loops), or/and
vacancy in type (cavities or voids). The addition of either Cu or, Mn
and/or Ni is found to hinder their formation and suppress their
growth (for both types). With dose, these features called generally
matrix damage, appeared to grow. The most striking finding is that
none of such defect has been observed in the complex RPV steel
studied even after 0.2 dpa irradiation. The formation of solute clus-
ters depends strongly on the chemical composition of the matrix
and on the irradiation dose. In Cu-content alloys, Cu-rich precipi-
tates were observed right after the lowest dose of irradiation. Their
size appears to grow with dose but a close cross-comparison of the
results obtained by different techniques allows to conclude that
this type of solute clusters will be serving as a trap for the contin-
uous vacancy flux. In fact, Cu atoms and vacancies like to co-cluster
together. In the absence of Cu or in a very small amount, Mn and/or
Ni rich nano-features have been observed but only after a high
dose of irradiation (0.1 dpa in this investigation corresponding to
40 years of operation). Several indications have been found that
demonstrate that these local enrichment is most probably due to
an irradiation-induced segregation of Mn and/or Ni on the created
interstitial loops. There is in fact a strong correlation between the
so-called matrix damage and the solute elements present in the
steels.

Finally, it is recognized that a careful and a rational cross-com-
parison between all techniques appear to be still needed to gain
better quantitative information on the irradiation damage in RPV
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steels. Furthermore, results reported in this paper concerned mate-
rials irradiated in a test reactor, at higher flux than RPV steels in
industrial pressurized water reactor. It is therefore necessary to
take account of the flux effect for the validation of models.

In a companion paper [54], the variation in yield stress during
irradiation is explained in relation to the changes of the micro-
structure for the specific irradiation dose of 0.1 dpa. The different
observed defects are taken as separate obstacles for the dislocation
motion. At the end, their contributions are combined depending on
their strength, to estimate the total irradiation-induced hardening.
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