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Abstract

Microstructural changes due to neutron irradiation cause an evolution of the mechanical properties of reactor
pressure vessels (RPV) steels. This paper aims at identifying and characterising the microstructural changes which have
been found to be responsible in part for the observed embrittlement. This intensive work relies principally on an atom
probe (AP) study of a low Cu-level French RPV steel (Chooz A). This material has been irradiated in in-service
conditions for 0-16 years in the frame of the surveillance program. Under this aging condition, solute clustering occurs
(Cu, Ni, Mn, Si, P, .. .). In order to identify the role of copper, experiments were also carried out on Fe—Cu model alloys
submitted to different types of irradiations (neutron, electron, ion). Cu-cluster nucleation appears to be directly related
to the presence of displacement cascades during neutron (ion) irradiation. The operating basic physical process is not
clearly identified yet. A recovery of the mechanical properties of the irradiated material can be achieved by annealing
treatments (20 h at 450°C in the case of the RPV steel under study, following microhardness measurements). It has been
shown that the corresponding microstructural evolution was a rapid dissolution of the high number density of irra-
diation-induced solute clusters and the precipitation of a very low number density of Cu-rich particles. © 2000 Elsevier

Science B.V. All rights reserved.

PACS: 61.16.Fk; 61.80.Hg; 28.41.Qb; 61.82.Bg

1. Introduction

Ferritic steels of reactor pressure vessels (RPV) are
subjected to irradiation with high energy neutrons
(E > 1 MeV) from the reactor core, arising from nuclear
reactions. The irradiation disrupts the crystalline lattice
and atoms are displaced, creating several possible types
of irradiation-induced damage: vacant lattice sites and
atoms occupying interstitial positions (Frenkel pairs),
vacancy and/or interstitial clusters, microvoids, dislo-
cation loops, solute clusters or precipitates, ... These
changes in the microstructure and microchemistry cause
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an evolution of the mechanical properties of the mate-
rial. More precisely, the metal hardens and embrittle-
ment may occur as indicated by the shift, towards higher
temperatures, of the ductile-to-brittle transition tem-
perature. This makes the RPV, in the region of the
beltline, more susceptible to brittle fracture during
pressurised thermal shock transients. This may result in
a premature shutdown of the plant if the degree of
embrittlement becomes severe.

To maintain a strict control over the RPV steels it is a
necessity to have an accurate description of the changes
that occur in the microstructure. The progress in the
understanding of microstructural evolution and related
physical mechanisms has been mainly the consequence
of the improvement of advanced characterisation tools
such as small angle neutron scattering (SANS), trans-
mission electron microscopy (TEM) including high
resolution electron microscopy (HREM), TEM with
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field emission gun (FEGSTEM), positron annihilation
(PA) and also field ion microscopy (FIM) and atom
probe techniques (AP and 3D AP).

In addition to the need to maintain adequate safety
margins for vessel operation, the economic incentives for
extending the lifetime of current RPVs have motivated
research (mainly in Russia and US) on methods of
mitigating embrittlement. Thermal annealing treatments
have been identified as a suitable means to recover the
mechanical properties. Recent studies of this thermal
recovery, [1-3] including in situ RPV anneals have
provided an extensive set of data describing the me-
chanical properties.

Although the mechanical behaviour of these materials
is relatively well known, limited information is available
on irradiation-induced microstructural changes.

This study relies principally on the use of AP and 3D
AP instruments which are particularly well suited to
characterise nanostructural features [4,5]. In this paper,
detailed descriptions of the nano-transformed phases
developed during neutron irradiation are presented. A
precise description of each of the basic mechanisms
(voids, point defects, interstitial loops, etc.) needs the
combination of data from complementary techniques.
However, in order to isolate each consequence of a
specific kind of defects (displacement cascades or Fren-
kel pairs) experiments were performed on electron as
well as ion irradiated materials. As it has been previ-
ously shown [6,7], copper plays an important role in the
embrittlement of RPV steels. This is the reason why
experiments were also performed on binary Fe-Cu
model alloys. The materials studied were obtained from
the Electricité de France Research Centre in the frame-
work of the French surveillance program.

This paper is divided in four major parts. After a
brief introduction to the AP techniques in Section 2,
effects of neutron irradiation in the French RPV steels
are presented in Section 3. Section 4 is dedicated to the
study of model alloys irradiated in various conditions:
neutrons, ions and electrons. In Section 5, results on the
effect of thermal annealing of French neutron irradiated
RPYV steels are presented and discussed.

2. AP techniques

Among the various microanalytical techniques which
are used in material science, the AP invented by Miiller
and co-workers [8], 30 years ago, is the instrument which
provides the highest spatial resolution. The lateral res-
olution at the specimen surface is a few nanometers
while depth resolution is a single atomic layer. Another
advantage of AP techniques is their quantitativity. Un-
der proper experimental conditions [9], concentrations
are reliable and directly proportional to the number of
ions of each species collected from the specimen. The

principle is based on the field evaporation of surface
atoms and their mass identification by time-of-flight
mass spectrometry [9]. The mass resolution is close to
M /AM = 300 at half maximum. The high electric field
required for the field evaporation process (30-50 V/nm)
is achieved by applying a high voltage (2-20 kV) to
the sample prepared in the form of a sharp pointed
needle [9].

Implementation of electrostatic lens or mirrors,
usually named ‘energy compensated’ systems, on con-
ventional AP (Energy Compensated Atom Probe,
ECAP) highly improves the resolution of the mass
spectrum. An electrostatic lens of ‘Poschenrieder’ type
equips one of the APs of our laboratory [4]. The high
mass resolution (M /AM = 2000) is necessary to identify
unambiguously all chemical species, particularly Ni, Mo
and Cu which are detected with mass difference of 1/6 of
an atomic mass unit (a.m.u.). The result of such an
ECAP analysis is a linear concentration profile estab-
lished for each species. The lateral resolution is chosen
(from 0.5 to 3 nm) and kept constant while the depth
resolution is strictly one atomic layer.

Improvement of the AP technique was realised with
the implementation of a position-sensitive detector on
the instrument. This multidetection system has a great
advantage to give in addition to their identification, the
position of the detected ions even for simultaneous im-
pacts and multiple time-of-flight events [10]. Thus,
quantitative composition data, as well as reliable posi-
tions are obtained. This new instrument named, in
France, Tomographic Atom Probe (TAP) is schemati-
cally depicted in Fig. 1.

Ton impacts on the detector are localised with a
precision close to 0.1 mm. This corresponds to an ac-
curacy of atom positioning at the tip surface better than
0.1 nm. The actual spatial resolution is however de-
graded from this value due to aberrations of ion trajec-
tories in the close vicinity of the tip surface. The maximum
resolution is between 0.3 and 0.5 nm. By field evaporation
of surface atoms, the material is explored in depth, layer
after layer. For each evaporated layer, the related 2D el-
ement cartography is calculated and a 3D reconstruction
of the probed volume (~10x 10x 100 nm?) can finally be
achieved by combining successive 2D maps. Recon-
structed analysed volumes are typically composed of a
few 103 atoms. The data set is subsequently treated with a
graphic work station using advanced 3D image computer
software.

3. Neutron irradiation of a French RPV steel

3.1. Material description

The experiments were performed on a steel irradiated
in the Chooz A surveillance program (France). This
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Fig. 1. Schematic representation of the TAP. (left) The conventional system depicting field ion evaporation and the time-of-flight
measurements. (right) A presentation of the multi-anode position-sensitive detector.

Table 1

Chemical compositions (wt% and at.%; iron is balance) of the Chooz A pressure vessel steel
Elements C S P Si Cr Mn Ni v Al Co Cu
wt% 0.16 0.005 0.012 0.32 0.16 0.39 1.26 0.57 0.02 0.024 0.020 0.090
at.% 0.74 0.009 0.021 0.63 0.17 0.22 1.26 0.53 0.02 0.049 0.018 0.078

program has been carried out since 1970 with 8 capsules
containing Charpy V-notch test specimens machined in
materials representative of the pressure vessel core zone.
A description of the Chooz A surveillance program is
given in Ref. [11]. All the samples used for this micro-
structural study were taken from these Charpy test
specimens.

3.1.1. Chemical composition

The studied steel was austenitized at 910°C for 1 h,
water quenched, then tempered at 660-670°C for 4 h
and finally stress relieved at 600°C for 28 h. The ma-
terial is of 16MNDS5 type with a ferritic-bainitic
structure which contains carbides and a high density of
dislocations partially organised in sub-boundaries.
Some regions are fully bainitic whereas some others
contain about 60% of bainite and 40% of ferrite. The
chemical composition of this steel is given in Table 1. It
must be noted that the concentration of the ‘well-
known’ highly embrittling elements (Cu, P) is rather
low.

3.1.2. Irradiation conditions

Chooz A, now out of service, was the oldest PWR in
service in France. The operating conditions of this re-
actor are fully described in Ref. [12]. The surveillance
capsules have been suspended under the lower core
plate. This location results in a very high flux gradient
along the length of the Charpy V specimens. For each
capsule, the fluxes were measured with 10 copper acti-
vated dosimeters set on three levels. It is considered that
the temperature of all these Charpy specimens was equal
to that of the inlet water: 270°C.

Capsules, irradiated by energetic neutrons (E > 1
MeV) from the core, were withdrawn from the reactor
after about 2-16 years of service. On an average, neu-
tron fluxes were of the order of 1-2 x 10" n cm™2 s7!,
thus the received fluences range from 0.5 to 17 x 10" n
cm~2, that is to say from 1 to 20 x 1072 NRT dpa [13].

3.1.3. Evolution of mechanical properties

This steel hardens with increasing fluences. A con-
comitant increase of temperature of the ductile-to-brittle
transition (ARTnpt) is observed (Table 2).

3.1.4. Experimental
In order to ascertain the specific role of neutron ir-

radiation, irradiated samples were compared to unirra-

diated materials (reference material). The experimental
procedures required for reliable data to be obtained are

fully described elsewhere [14-17].

Both ECAP and TAP were used:

e The ECAP, because of its high mass resolution
(M /AM ~ 2000) enables peak overlap to be avoided.
Conversely, because of the monodimensional nature
of these analyses, unavoidable spatial convolutions
occur between the iron matrix and the tiny solute
clusters which are formed during irradiation. The
analysis of a pure solute particle may therefore lead
to lower apparent levels.

Table 2
Amplitude of the shift of the ductile-to-brittle transition tem-
perature (ART\pr)

Fluence (E > 1 MeV, 1.7 3.5 4.6 10
10 n m™2)
ARTxpr (°C) 65 91 103 145
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o This is one of the greatest advantages of the TAP to
eliminate these spatial convolutions and to give ac-
cess directly to the size, the morphology, the nature
of the interface and the composition of each nano-
structural individual event. The mass resolution of
the TAP (M/AM ~ 200) is however lower as com-
pared to that of ECAP. Another advantage of TAP
is both its higher spatial resolution and its larger
analysis area (10 nm?). Moreover, the larger analysed
volume (some 10 times larger than with conventional
AP) allows to increase the precision of number densi-
ty measurement.

3.2. Irradiation-induced solute segregation in Chooz A
steel

3.2.1. Experimental evidence of solute cluster formation
during neutron irradiation

In order to achieve precise composition measure-
ments in this multi-element material, random AP ana-
lyses (for ferrite) and selected area analyses (for
carbides) were carried out with the ECAP. Random AP
analysis involves the acquisition of a set of data (se-
quence of atoms) representing the collection and chem-
ical analysis of the material along a thin cylinder, the
diameter of which (1.5 nm in the case of our study) is the
lateral resolution and the length may reach some hun-
dred nanometers. Several random analyses of the same
specimen are generally carried out in order to improve
the statistical confidence in the measured composition.
Conversely, for a selected area analysis, the surface of
the specimen is first imaged and observed (FIM) and
then the area of interest (small carbides for instance) is
selected for analysis.

This experimental protocol was applied to several
specimens of the Chooz A steel previously exposed to
different neutron fluences ranging from 0.5 to 16 x 103
nm~2 as well as to the reference specimen (unirradiated).

In order to characterise the microstructure of these
materials (unirradiated and irradiated), analyses were
performed on both the carbides and the matrix.

All of these specimens contain a high proportion of
carbides because of their ferritic—bainitic structure. The
more common features encountered are molybdenum-

containing carbides and M;C cementite carbides (with
M =Fe, Mn, and to a lesser extent Cr or Mo). Table 3
shows the results of two representative analyses: one of a
Mo,C, the other of a M;3C carbides. These analyses were
performed in the reference material. The uncertainties
on concentration measurements are given with two
statistical standard deviations (AX = 20.; with ¢. =
VX (1 —X)/N, where N is the number of atoms and X
is the atomic concentration of one chosen chemical
element).

These results concerning carbides are similar to those
observed in previous analyses of US weld, forging and
plate metals [18,19]. No change in composition and size
of carbides can be attributed to the irradiation process.
In addition, the AP results were compared to thermo-
dynamic predictions [20]. The experimental composi-
tions of cementite carbides are also in good agreement
with the Thermocalc™ predictions for materials ther-
mally aged at 600°C (temperature of the last stress re-
lieve thermal treatment of the steel). This agreement
indicates that irradiation has no significant impact on
the evolution of the microchemistry of cementite car-
bides.

In contrast, differences between unirradiated and ir-
radiated specimens appear in the ferrite phase. Fig. 2
represents series of concentration (atomic fraction) his-
tograms related to the unirradiated (reference steel) and
irradiated specimens (12 x 10* n m™2; ~180 NRT
mdpa).

Such concentration histograms were derived from AP
data as follows: collected ions were gathered into suc-
cessive blocks (N =100 atoms per block). Concentra-
tions were calculated for each species in each block. The
frequency of occurrence of a given concentration is
represented, in Fig. 2, by a bar, the height of which is in
the interval 0-1.

In the case where chemical elements are randomly
distributed, the bar-chart must be similar to a binomial
distribution, while if solute segregation occurs, a bimo-
dal distribution arises. Statistical tests (3*) were used to
compare binomial and experimental distributions. This
permits the determination, under a chosen degree of
confidence, as to whether the solute distribution is ran-
dom or not.

Table 3
AP determination of the chemical compositions of Mo,C and M;C carbides encountered in the reference Chooz A steel
C Si Fe Cr Mo Mn Ni

Mo, C type
X (at.%) 30.8 - 2.7 3.2 61.0 1.8 0.4
AX (at.%) 2.5 — 0.9 0.9 2.6 0.7 0.3
M;C type
X (at.%) 22.82 0.07 62.78 1.76 1.30 10.60 0.67
AX (at.%) 0.80 0.05 0.93 0.25 0.21 0.60 0.15
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Fig. 2. Histograms depicting the observed frequencies of solute concentrations (ECAP data) versus the solute concentrations (Si, Ni,
Mn); for unirradiated and irradiated materials (Chooz A steel, 12 x 10" n cm™?).

Fig. 2 clearly exhibits binomial-like distributions of
solutes (Si, Ni, Mn) for the unirradiated specimen. A
bimodal distribution is observed for the irradiated one.
This is confirmed by y? tests. These indicate that these
elements are randomly dispersed in the ferrite solid so-
lution in the reference steel and are prone to segregation
under neutron irradiation.

In order to explore this phenomenon in more depth,
concentration profiles of all the elements were generated.
Fig. 3 refers to the same irradiated specimen and proves
that the solutes Si, Ni, Mn, Cu, but also sometimes P, C,
Mo, Cr, segregate to develop rather spherical clusters,
the sizes of which range from 2 to 6 nm with an average
around 3 nm.

For this highly irradiated specimen, the solute
clusters were found with a high number density (of the
order of 10* m™3). Sixteen of these clusters were
analysed [14]. The main solute components are Si, Ni,
Mn and Cu which represent about 15 at.% of the
cluster. The concentration of these solutes shows a
large variability from one cluster to another and is
intrinsically weak as can be seen in Table 4. Local
measurements performed with the TAP demonstrated
[17,21,22] that there is actually a high level of iron in
clusters and that this is not due to spatial convolutions
occurring during ECAP analyses.

The presence of iron in clusters has also been con-
sidered in terms of ‘ballistic dissolution of clusters’.
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104 / \
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6 / \
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Distance (nm)

Fig. 3. Solute concentration profiles (Si, Ni, Mn, Cu and P)
through a solute cluster, as determined by ECAP analysis
(Chooz A steel, 12 x 10" n cm™2).

Indeed, it is known that, if irradiation can induce seg-
regation it can also dissolve particle via atomic collision.
However, the low flux involved in these irradiations
cannot explain the presence of iron. The probability that
two cascades collide with the same cluster in less time for
the solutes to diffuse back into the cluster, is about zero
[17.
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Table 4

Mean composition and average and maximum solute enrichment ratio (ratio of the concentration measured in the cluster over the
concentration in the matrix (given in Table 7)) of clusters encountered in the ferrite matrix of the irradiated specimen (Chooz A,

12 x 10 n m~2) as measured by AP

Elements Si Ni Mn Cu Fe

X (at.%) 48+0.7 3.6£0.6 3.8+0.7 0.9+0.3 Balance

Average enrich. ratio <8 <6 <4 <22 _

Max enrich. ratio <12 <12 <6 <60 -
Surprisingly, ! copper does not seem to be the major Table 5

agent although in terms of enrichment ratio (see Table 4)
it comes first (4-5 times higher than Mn or Ni).
Features of the same nature (composition, size) were
also observed (with TAP) in two other french neutron
irradiated pressure vessel steels (Dampierre 2 and
Dampierre 4). These steels are fully bainitic with com-
positions close to that of the Chooz A steel [23].

3.2.2. Evolution of clusters with the neutron fluence

Similar investigations were applied to five other
specimens of the same steel irradiated at various fluences
(from 0.5 to 16 x 10" n cm~?). Except for the lowest
fluence, all of the irradiated specimens exhibit the same
kind of clusters as previously described. Moreover, the
size and the composition of these clusters remain con-
stant. Conversely, their number density increases with
the neutron fluence (Table 5).

It must be noted that this constant size and this
evolution of the number density as a function of the
fluence are corroborated by SANS experiments carried
out on the same specimens [22].

3.2.3. Discussion of the formation and the nature of these
clusters

These clusters which are obviously (non-equilibrium
features), do not evolve with time (in size and compo-
sition) during the neutron irradiation. One would have
expected a growth and/or a coalescence regime instead
of a ‘stationary nucleation’. The basic process must be
complex: formation of clusters with increasing fluence,
and simultaneously stabilisation of previously existing

! Previous microstructural work undertaken on this prob-
lem [24,25 (non-exhaustive list)] (using principally SANS
technique) was done using high copper steels, such as US weld
for instance (3-4 times much more copper than here) or Fe-Cu
model alloy specimens. From this approach came out a
paradigm identifying copper precipitation as the factor respon-
sible for the observed embrittlement. Our experimental obser-
vations tend to slightly modify this paradigm, at least for steels
with a low copper content (<0.1 at.%). It must be noticed that
the similar formation of solute clusters under neutron irradi-
ation has been reported in a variety of US RPV welds and steels
[26-28]. These latter studies were also performed using the AP.

Mean size and number density of solute clusters for various
fluences as measured by AP (Chooz A steel)

Fluence (E > 1 Size (nm) Number density
MeV, 102 n m~2) (10 m~3)

2.5 3 3

6.6 3 5

12 4 9

16 3 11

clusters in a certainly non-equilibrium form despite the
important incoming energy supplied by the incident
neutrons.

Moreover, the composition of these clusters raises
some questions. Although the solubility limit of copper
is not precisely known at 300°C (most likely ~0.007 at.%
[17,23]), it is well recognized that the ferrite matrix is
supersaturated with copper. Conversely, solutes such as
silicon, nickel as well as manganese (Si> 8 at.%,
Mn ~ 3 at.%, Ni ~ 5 at.% at 300°C) are initially not in
supersaturation, and their presence in clusters is there-
fore surprising.

Taking these remarks into consideration it appears
that, although its content in clusters is not intrinsically
high, copper plays an important role in the studied
process. In order to assess this hypothesis, the present
results have been compared to some others extracted
from literature. Only considered in this comparison are
those studies performed on ferritic steels, as well as on
Fe—Cu alloys for which the copper content is low en-
ough (< 0.2 at.%) so as to be regarded as similar to that
encountered in French pressure vessel steels. These
various experimental results were obtained from AP and
SANS measurements [17,24,27]. Ten steel specimens and
two Fe—Cu alloys have been considered. Fig. 4 displays
these results in terms of precipitated atomic fraction of
copper as a function of the neutron fluence.

The trend is clear: the percentage of the nominal
copper content detected in clusters is increasing with the
neutron fluence; a ®°?3 function is a good approxima-
tion of this trend (where @ is the fluence, 10> n m™2).
Thus, the majority of the copper atoms are gathered into
clusters, with rapid kinetics at the beginning of the
process, followed by a slow variation reaching a ‘pre-
cipitated’ copper atomic fraction of about 60 at.% (£20
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Fig. 4. Evolution of the atomic fraction of copper observed in
the irradiation induced particles with the neutron fluence for 10
steel specimens and two Fe—Cu alloys.

at.%) for high fluences (1 x 10** n m~2). As an example,

the copper content remaining in the ferrite solid solution

is, for the Chooz A steel, close to 0.03 at.% for a fluence
of 5x 10" n cm~2. That is to say 57% of copper atoms
are localised into clusters.

Taking into account the fact that the solute concen-
tration in clusters is more or less constant during the
irradiation process, it comes out that the enhancement in
atomic fraction of precipitated copper is due to the in-
crease in the number density of formed clusters.

The microstructural changes in a material under en-
ergetic neutron irradiation are caused by atoms expulsed
from their lattice sites (Primary Knock on Atoms
(PKA), then secondary, and so on. ..). Along the path of
the PKA freely migrating point defects are created. A
cascade of displacements takes place at the end of the
motion of the PKA. When the energy is between 1 and
5 keV, its mean free path becomes comparable with the
interatomic distances. A considerable number of atoms
is therefore displaced inside a volume of about 10 nm in
diameter [29]. The results obtained from numerical
simulations greatly contribute to the understanding of
the morphology and time dependent evolution of the
displacement cascades. Having in mind this schematic
view of the neutron irradiation damage, several tentative
scenarios can be proposed to explain the formation and
the development of clusters:

e The number density of clusters is correlated with the
number of displacement cascades. This suggests an
important role of cascades in the formation of clus-
ters. The mechanism could be a direct agglomeration
of solutes after a few seconds of the atom mixing and
the collapse of the cascade. This collapse of cascade is
indeed caused by complex mechanisms of recombina-
tion of defects which could lead in turn to the migra-
tion of solutes towards the cascade centre. This could
explain the segregation of supersaturated copper at-
oms into clusters but not so easily the concomitant
segregation of other species like silicon, nickel and
manganese [17,22].

o Qualitatively, segregation of these species may be due
to vacancy flux towards the core of the cascade which
act as a sink (small void or vacancies trapped with
copper atoms). Then, an induced atom flux (inverse

Kirkendall effect) could lead to the observed local

solute (Cu, Si, Ni, Mn, Ni) enrichments. As the Si,

Ni, Mn contents are under the solubility limits in o-

ferrite, this local enrichment is in principle not stable.

This leads to outward fluxes giving rise to an oppo-

site effect as compared to the inverse Kirkendall ef-

fect: the dissolution of clusters. It is thought that a

dynamic equilibrium may be reached by balancing

both inward and outward fluxes. This mechanism im-

plies enhanced diffusion (for copper which is super-

saturated), induced segregation and also dissolution

(for under-saturated solutes) [30].

e Another proposal [31] could be the formation of dis-
location loops created by interstitials. Contrary to
vacancies, an interstitial flux always induces atom
fluxes in the same direction. Thus, components which
are transported preferentially by interstitial are al-
ways enriched at the sink. This mechanism also in-
volves competition between growth and dissolution
processes.

These hypotheses lead to the possible existence of
irradiation-induced defects like small vacancy clusters,
solute-defect complexes, interstitial dislocation loops,
etc. These tiny microstructural events are difficult to be
observed by AP. For the Chooz A irradiated steel, they
were not directly observed by TEM [32], may be because
of the weak contrast. High resolution experiments were
performed [32] on irradiated materials. The presence of
defects (3 nm in diameter) was revealed by local en-
hancements of contrast. Distorsions of atomic planes
were observed in such zones with enhanced contrast. PA
proved the existence of such small vacancy-copper
complexes in the case of a Fe-0.1 at.% Cu alloy irradi-
ated with electrons [33].

4. Copper segregation in irradiated Fe—Cu model alloys
4.1. Introduction

The latter discussion has pointed out the role of
copper, even in this low copper ferritic steel. In order to
decrease the number of parameters that could operate,
two main simplifications were performed:

e Focusing on the role of copper, Fe—Cu alloys with
various levels of supersaturation have been studied.
e In addition to neutron irradiation, which is a rather
heavy mean of irradiation (need of a reactor plus ac-
tivity and waste problems) and complex to under-
stand (competition between several processes)),
electron and ion irradiations were carried out. Elec-
tron irradiation is known for promoting the forma-
tion of a large amount of Frenkel pairs. The
transferred energy from incident particles to target
atoms is not high enough to produce displacement
cascades. Conversely, ion irradiation allows the
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formation of displacement cascades, with the advan-
tage, as compared to neutron irradiation, that the
energy spectrum of incident projectiles is well defined.
Thus, the physics of interactions are ‘better’ under-
stood. In addition, with energies here involved,
samples are not activated.

4.2. Materials

A low supersaturated Fe-Cu model alloy, the copper
content of which is close to that of french pressure vessel
steels (~0.1 at.% Cu), as well as two highly supersatu-
rated Fe—Cu alloys (~1.4 at.% Cu), were manufactured
by CECM (Vitry, France) from a high purity ingot
(C < 15 ppm, N < 10 ppm, Si < 25 ppm). The samples
were cold-rolled and austenitized at 1000°C for 30 min.
The alloys were then heat treated in vacuum for 1 h at
850°C and quenched to produce a reference random
solid solution. EDX measurements revealed copper
contents of 0.09 £ 0.03 at.% (1), 1.38 £ 0.10 at.% (2) and
1.34 4 0.04 (3) respectively.

Electron irradiations were carried out with a Van de
Graaff accelerator (1) at CEN-Grenoble-France with
3 MeV electrons, or (3) at CEA/DTA/CEREM/DTM-
Ecole Polytechnique-Palaiseau-France with 2.5 MeV
electrons (~ 5.4+ 107 NRT dpa). The irradiation
temperatures were kept constant to 290°C which is the
service temperature of RPV steels.

Neutron irradiations were also performed in the
Osiris pool test reactor (CEN-Saclay—France) at a target
temperature of 290°C (samples (1) and (2)) with a flux of
2.8 x 108 n cm™2 s7! to reach a fluence of 5.5 x 10'° n
cm™2 (E > 1 MeV). This corresponds to about 75 NRT
mdpa.

A preliminary ion irradiation was undertaken on the
Fe-0.1 at.% Cu alloy using the ion accelerator of the
Hahn-Meitner-Institut (Berlin) [34]. The irradiation was
directly performed on AP specimens (sharp needles),
perpendicular to the needle axis with 300 keV Fe' ions
at room temperature. The irradiation duration (10 s)
was calculated to reach a fluence of 1072 NRT dpa
(order of magnitude of NRT dpa encountered in RPV
steels).

4.3. Experimental results

4.3.1. Highly supersaturated Fe—Cu alloys (~1.4 at.%
Cu)

Fig. 5(a) and (b) exhibits two reconstructed volumes
of TAP analyses performed in these electron (a) and
neutron (b) irradiated alloys. For the sake of simplicity,
only copper atoms are represented. Associated copper
concentration profiles can be drawn through particles as
displayed by Fig. 5(c) (electron irradiation) and (d)
(neutron irradiation).

For both types of irradiation carried out at 300°C,
copper-rich particles are formed. Sizes, as well as the
number density of particles are of the same order of
magnitude. In the electron-irradiated specimen, the
mean particle diameter is ~2 nm and the number density
is ~1x10* m™~3. In the neutron-irradiated specimen the
same parameters are ~2—4 nm and ~2x10* m™3, re-
spectively. These values were confirmed by SANS
experiments [22,36].

Beyond these similarities, differences exist. As shown
by Fig. 5(c), it appears that particles formed during
electron irradiation are quasi-copper-pure, i.e., they are
in the expected equilibrium form as it might happen
after a heat treatment. Electron irradiation therefore
enhances the atomic mobility of copper atoms at 300°C
and promotes accelerated precipitation. This enhanced
diffusion mobility of atoms induced by the increase in
point defect concentration under electron irradiation has
been discussed by Smetniansky-de-Grande and Barbu
[37] on the basis of studies carried out with different
electron fluences. SANS, microhardness and electrical
resistivity experiments allowed one to determine a copper
diffusion coefficient, Dejectron irrad = 1.2 X 10718 cm? s71,
under electron irradiation (290°C, 4 x 103 e~ cm™2 s7')
which could be compared to the ‘extrapolated’ value of
the thermal diffusion coefficient at 300°C (Dpermar =
2.2 x 107 cm? s71h).

Conversely, Fig. 5(d) exhibits particles, the copper
content of which is not 100%. There is a large vari-
ability of compositions from 45 to 95 at.% Cu with a
mean copper concentration of 72 at.%. The neutron
irradiated alloy does not seem to reach an equilibrium
state.

The difference of copper content between one particle
and another could be attributed to a difference in their
‘date of birth’ (or nucleation); the older being the richer.
This appears to be a specific effect of neutron irradia-
tion. Displacement cascades could act as preferential
nucleation sites as already mentioned above (steels).
Nevertheless, there is also a contribution of the diffusion
mechanism which accounts for the copper enrichment of
particles with time or fluence. This latter contribution
should then be attributed to a large freely migrating
point defects population.

A great difference also exists between the matrix
composition of electron and neutron irradiated speci-
mens. After electron irradiation (5.4 x 10~° NRT dpa),
the copper remaining in solid solution is 0.7 + 0.1 at.%,
while after neutron irradiation (7.5 x 102 NRT dpa), it
is as low as 0.08 £ 0.02 at.%. Such a difference may be
due to the addition of the two separate previously de-
picted processes. Indeed, neutron irradiation creates a
large number of nucleation sites (core of cascades) and
also enhances the copper diffusion. This last indication is
in good agreement with the calculated NRT dpa for
each cases. However, it is recognized that, for a
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Fig. 5. Cu-rich irradiation induced clusters: (a) and (c) For electron irradiation; (b) and (d) for neutron irradiation; (left) 3D TAP
reconstruction; only copper atoms are represented, one dot is one atom (only 50% of atoms are collected by the detector); (right)

Concentration profiles for Fe and Cu through one particle.

calculated NRT dpa value, neutron irradiation creates
much fewer freely migrating point defects than electron
irradiation (~10? times less because of recombination
processes). One should then compare 5.4 x 1075 NRT
dpa (for electron) to 7.5 x 10~* ‘corrected’ dpa (for
neutron). This shows that the dpa number for neutron
is about ten times higher than for electron. We should
therefore have more well-developed and larger particles
with sharp interfaces. This is not the case. This shows
again a specific effect of the displacement cascades.
Some similar experimental results have been reported
by [35,36].

4.3.2. Low supersaturated Fe—Cu alloys (~0.1 at.% Cu)
This model alloy was chosen because its copper
content (0.09 at.%) was close to that of the Chooz A
steel (0.08 at.%). These values are, nevertheless, higher
than the supposed solubility limit of copper in a-iron at
300°C (~0.007 at.%). After irradiation, the experi-
mental observations, as shown by TAP results, are
clear:
e clectron irradiation (E ~ 3 MeV, 290°C, 2 x 10" e~
cm~2, 1.2 x 1073 NRT dpa) does not modify the sol-

ute partition. Copper atoms remain randomly dis-

tributed in the a-iron solid solution. Conversely
e after neutron irradiation (£ >1 MeV, 290°C,

5.5 x 10" n ecm~2, 7.5 x 1072 NRT dpa), some small

copper-enriched clusters are formed (Fig. 6).

These copper-enriched clusters have diameters in the
range 2-3 nm and a number density of about 1 x 103
m~3. They exhibit a large variability of compositions;
the mean value being ~35% 5 at.% Cu. The matrix solid
solution is copper depleted down to 0.03 + 0.01 at.% Cu.
These results have been confirmed by SANS experiments
[22]. Similar results have been previously correlated to
SANS [38] and to ECAP [39] experiments.

Here again, and perhaps more convincingly, the spe-
cific effect of displacement cascades which are signatures
of neutron irradiation, is shown. With a corrected num-
ber of dpa (7.5 x 10~* corrected dpa) lower than the one
calculated for electron irradiation (1.2 x 1073 NRT dpa),
segregation of copper is observed.

4.3.3. Ion irradiation
The same Fe-Cu (~0.1 at.% Cu) alloy was also
irradiated by 300 keV Fe' ions at room temperature
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Volume: 3x2.5x5 nm?

Fig. 6. 3D TAP reconstruction of a small Cu-rich cluster
formed after neutron irradiation (E > 1 MeV, 290°C, 5.5 x 10"
n cm~2, 7.5 x 1072 NRT dpa). Only Cu-atoms (50%) are rep-
resented, one sphere is one atom.

up to a fluence of ~1072 NRT dpa. After irradiation,
the specimen was analysed using the TAP technique
and the results compared to those of the unirradiated
material. Because of the extremely weak effect of
the irradiation, only statistical treatments of AP data
evidence an evolution of the solid solution [34]
(Fig. 7).

The number of copper atoms in the biggest cluster
could be estimated (close to 20). The number density of
clusters was found close to 1 x 102 m~3. The compari-
son with neutron irradiation is of interest. Indeed, the
achieved fluence is 7-8 times lower for ion irradiation.
Nevertheless microstructural evolution within the solid
solution occurs. This could be the very initial stage of
the process, that is to say the nucleation of copper-

enriched clusters. The amplitude of clustering is still too
weak for the copper level in the solid solution to de-
crease significantly. Within experimental uncertainties,
the copper level in the solid solution remains close to the
nominal composition.

4.4. Conclusion

Both low and high supersaturated materials de-
compose under neutron irradiation. The copper con-
tents are most likely dependant on the nominal
concentration and also on the fluence. The alloys do
not reach a steady state even after a long fluence irra-
diation. This appears to be a specific effect of dis-
placement cascades (acting as nucleation sites?) as well
as an increase of the atomic mobility promoted by the
creation of freely migrating defects. For long-term
treatments, the o-iron solid solution is copper depleted
down to values close to 0.03 at.%. This value remains
higher than the estimated copper solubility limit in o-
iron at 300°C. It is, however, close to that encountered
in neutron irradiated steels.

Electron irradiation leads to a different scheme. It
acts only through the increase of the number of freely
migrating defects; it promotes accelerated precipitation.
Nevertheless, it does not seem to be able to initiate
copper precipitation under a certain supersaturation
threshold (between 0.1 and 0.2 at.% Cu).

This demonstrates the decisive role of displacement
cascades formed by neutron (ion) irradiation. These are
thought to be involved in the cluster nucleation process
through atomic mixing and cascade collapse, or more
indirectly through the remaining defect aggregates
formed after cascade collapse.

Volume: 2.8x1.5x2.2 nm’

Fig. 7. (a) 3D TAP reconstruction of the Fe-0.1 at.% Cu model alloy after Fe-ion irradiation (300 keV, 20°C, 0.01 NRT dpa). Only
Cu-atoms (50%) are presented. (b) Enlargement of the small cluster exhibited in (a). Cu-atoms are light grey and Fe-atoms are dark

grey.
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Fig. 8. (A) 3D TAP reconstruction of the irradiated Chooz A material annealed at 450°C for 2 h. Copper clusters are observed with no
associated Ni, Mn, and Si. (B) 3D TAP reconstruction of the irradiated Chooz A material annealed at 450°C for 100 h. Copper clusters
observed in the 2 h annealed materials are growing as pure copper particles.
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5. Recovery of mechanical properties of RPV steels:
Annealing treatments

Thermal annealing treatments have been identified as
a suitable means to recover the mechanical properties
(Charpy upper shelf energy and ductile-to-brittle tran-
sition temperature) of embrittled RPV steels. A previous
study [3] showed that a reasonable compromise between
the highest degree of recovery and an acceptable an-
nealing time at a technically achievable temperature
could be found (450°C for a few hundred hours). Such
treatments were applied to previously irradiated (13
years) specimens of the Chooz A steel.

Microhardness measurements were undertaken to
follow the mechanical recovery. It was shown that after
~20 h of annealing, the reference level (hardness mea-
surement of the unirradiated material) is reached [23].

TAP experiments were carried out on specimens an-
nealed at 450°C during 2 and 100 h. These specimens
were previously irradiated (12 x 10" n cm™2, ~ 16.5 x
1072 NRT dpa) and exhibited a high density (9 x 10'7
cm~?) of solute clusters (Cu ~ 0.9, Si ~ 4.8, Mn ~ 3.8,
Ni ~ 3.6 at.% with additions of P, Cr, ...) dispersed in
the ferritic solid solution (remaining Cu content 0.04
at.%).

Table 6

The first experimental observation which arises from
this study is the dissolution of the solute clusters, even
after only 2 h of annealing treatment at 450°C (Fig. 8(A)).

The second experimental evidence is the formation of
a low number density (< 0.1 x 10* m~* after 100 h of
annealing) of Cu-rich precipitates, the size and copper
content of which increase with the annealing treatment
duration (Fig. 8(B)).

The third point is the stability of the copper content
of the solid solution (~0.04 at.%).

These atom probe results are displayed in Tables 6
and 7.

In addition, it must be noted that the interface be-
tween the analysed copper particles (100 h at 450°C) and
the solid solution is enriched with nickel and manganese
atoms. This was also observed in a weld material under
similar conditions [40].

Attention must be paid to the evolution of the Cu
content of the ferrite solid solution. After irradiation,
the Cu-concentration is 0.04 at.% and remains at the
same level after the annealing treatment while solute
(Cu, Ni, Mn, Si, ...) clusters dissolve and Cu-rich pre-
cipitates are formed. Moreover, this value (0.04 at.%) is
known to be very close to the solubility limit of copper
in o-iron at 450°C [17,23] which is 0.05 at.%. The first

Characterisation of solute clusters encountered in the Chooz A steel after (1) neutron irradiation (12 x 10? n m~2), (2) neutron ir-
radiation and annealing treatment 2 h at 450°C and (3) neutron irradiation and annealing treatment 100 h at 450°C; AP results (TAP)

Specimen Cluster mean diameter (nm) Cluster composition (at.%) Cluster number density (102 m™)
(1) 34 Cu~0.9; Ni~ 3.8; Mn ~ 3.8; 9
Si~ 438
2) 1-2 Cu ~ 30; Fe balance Not determined
3) 34 Cu > 60; Fe balance ~0.1
Table 7

Chemical composition of the ferrite solid solution (clusters extracted) of the Chooz A steel for the four stages: (0) unirradiated
specimen, (1) neutron irradiated (12 x 10 n m~2), (2) neutron irradiated and annealed 2 h at 450°C and (3) neutron irradiated and

annealed 100 h at 450°C; these are AP results

Specimen C P Si Cr Mo Mn Ni Cu Fe

()
at.% 0.05 0.02 0.80 0.15 0.26 1.32 0.68 0.08 Balance
20 0.02 0.01 0.10 0.04 0.06 0.13 0.10 0.03 -

()]
at.% 0.05 0.02 0.62 0.13 0.22 1.00 0.66 0.04 Balance
20 0.01 0.01 0.05 0.02 0.03 0.05 0.05 0.01 -

(@)
at.% 0.02 0.02 0.59 0.10 0.12 1.10 0.64 0.05 Balance
20 0.01 0.01 0.06 0.03 0.03 0.08 0.05 0.01 -

3
at.% 0.01 0.01 0.57 0.16 0.17 1.20 0.75 0.04 Balance

20 0.01 0.01 0.05 0.03 0.03 0.07 0.05 0.01 -
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possible explanation is that the formation of Cu-rich
precipitates is probably directly related to the dissolu-
tion of the irradiation-induced solute clusters, from
which they get their copper atoms. These solute clusters
act as preferential nucleation sites for copper precipita-
tion. The driving force is low and therefore, homoge-
neous nucleation is difficult to attain (the critical size is
equivalent to 80 Cu-atoms considering a regular solid
solution model [17]). As a result, one could imagine that
only clusters with the highest amount of copper could
really act as efficient nuclei for the formation of equi-
librium copper precipitates. The number of such clus-
ters, acting as preferential sites, may be much smaller
than the total number of neutron-induced clusters. All
the others will dissolve to increase the size of the largest.
A growth and coarsening regime is then taking place.
The presence of some enhancements of Ni, Mn, Si
concentrations in the surroundings of the Cu-rich par-
ticles after 100 h of annealing may be due to the rejection
of solutes from the core of the particles toward the pe-
riphery during the growth regime [41] or to a strong
copper and/or vacancy solute trapping.

These experimental observations show that annealing
treatments cause the dissolution of neutron-induced
clusters. They also indicate that the low number density
of copper precipitates formed in the ferrite matrix after
annealing has little influence on the mechanical prop-
erties of the recovered material. Therefore, if annealing
treatment leads to a low number density of nearly pure
copper particles and a low matrix copper content, fur-
ther neutron irradiation of these irradiated and annealed
materials should not produce a large transition tem-
perature shift. This will show the importance of point
defects, grain boundary segregation and perhaps local-
induced segregations but without copper!

6. Conclusion

Although not complete yet, knowledge about solute
segregation induced by neutron irradiation in RPV steels
have considerably increased in the past. The copper
content is a determinant parameter even in the case of
low copper steels (<0.1 at.%). Solute-defect clusters (Cu,
Ni, Mn, Si, P, ...) are formed during irradiation with a
number density which increases with neutron fluence.
According to some other studies, the mean Cu content
of these solute clusters appears to be closely related to
the Cu-nominal concentration of the RPV steel.

Displacement cascades formed during neutron irra-
diation may be directly involved in the clustering pro-
cess; the damaged areas could act as nucleation sites.
The actual process of cluster formation is not fully un-
derstood yet. This could happen directly by atom mixing
inside the displacement cascades or by an induced seg-

regation process moving solute atoms towards the core
of collapsed cascades acting as sinks.

The solute clusters are probably associated with
point defects, which could explain their rather high
hardening efficiency. Of course, other irradiation-in-
duced defects are also formed such as point defects and
grain boundary segregation, ... which also participate to
the increase of embrittlement.

Rather short annealing treatments (20 h at 450°C for
the Chooz A steel), are sufficient to fully recover the
mechanical properties (in terms of hardness decrease).
The associated microstructural evolution consists in the
dissolution of a high density of solute-enriched clus-
ters and the precipitation of a low density of Cu-rich
particles.

Further neutron irradiation of these annealed mate-
rials could be thought to be less prone to embrittlement.
Further investigations are planed to elucidate these
issues.
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