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a b s t r a c t

The embrittlement of reactor pressure vessel steels under neutron irradiation is partly due to the forma-
tion of solute clusters. To gain more insight into their formation mechanisms, ferritic model alloys (low
copper Fe–0.08 at.% Cu, Fe–0.09 Cu–1.1 Mn–0.7 Ni (at.%), and a copper free Fe–1.1 Mn–0.7 Ni (at.%)) and a
French 16MND5 reactor pressure vessel steel, were irradiated in a test reactor at two fluxes of 0.15 and
9 � 1017 n(E> 1 MeV) m�2 s�1 and at increasing doses from 0.18 to 1.3 � 1024 n(E> 1 MeV) m�2. Atom
probe tomography analyses revealed that nanometer-size solute clusters were formed during irradiation
in all the materials, even in the copper free Fe–1.1 Mn–0.7 Ni (at.%) alloy. It should be noted that solute
segregation in a low-Ni ferritic material was never reported before in absence of the highly insoluble cop-
per impurity. The manganese and nickel segregation is suggested to result from a radiation-induced
mechanism.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The microstructure of pressure vessel of French reactors, made of
low alloy steel (e.g. [Cu] < 0.08 at.%; [Ni] < 0.8 at.%), evolves under
irradiation. This evolution is related to the formation of radiation-
induced nanometer-size objects: point defects (PD) and solute clus-
ters [1,2]. While the hardening effect of the former is clearly estab-
lished, the contribution of the latter to the mechanical properties
degradation is still an open question. Indeed, previous atom probe
tomography (APT) studies performed in reactor pressure vessel
(RPV) steels reported their diffuse shape, and their undefined inter-
face [1–7]. To go further, it is necessary to understand their forma-
tion mechanism. Since copper is the most hardening element, lots of
previous studies were devoted to the FeCu model alloy [1,8–21].
Some of them [9,10,13,16] indicate that the formation mechanism
of copper clusters is linked to the copper solubility, limited to few
tens of ppm around 300 �C, temperature of the vessel in the reactor.
In highly supersaturated FeCu alloys ([Cu] > 0.1 at.%), copper precip-
itation results of a radiation-enhancement, due to the supersatura-
tion of mobile points defects [9,16]. Furthermore, it occurs
homogeneously in the volume. On the contrary, in alloys with a cop-
per supersaturation limited to 0.08 at.%, a combined experimental/
theoretical study [10] indicates that the precipitation can be heter-
ogeneous, on PD clusters. However, the precipitation driving force
was not fully established. A radiation-induced mechanism based
on flux coupling cannot be excluded, in association or not with a
ll rights reserved.
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radiation-enhanced diffusion. Indeed, under irradiation, the elimi-
nation of PD towards sinks generates fluxes of PD which may induce
fluxes of solute towards PD sinks [22,23].

To go further, it was decided within the European PERFECT (pre-
diction of irradiation damage effect in reactor components) project
to study [24], in addition with a low copper Fe–0.08 at.% Cu alloy,
various ferritic model alloys (Fe–0.09 Cu–1.1 Mn–0.7 Ni (at.%),
Fe–1.1 Mn–0.7 Ni (at.%)) and a French RPV steel. This combination
of materials allows to investigate the effects of the nominal
composition on the ability of the materials to form solute clusters.
The materials were neutron irradiated in various conditions of
fluxes and fluences and characterized by combined experimental
techniques suitable for the characterization of defect clusters
(transmission electron microscopy – TEM, small angle neutron
scattering – SANS, positron annihilation spectroscopy – PAS and
APT). The purpose of the present paper is to report the character-
ization of solute clusters by APT.

This paper is divided into three parts. The experimental set-up
is described in the first part. Then, the microstructure evolution
of the alloys under irradiation is reported, in particular character-
istics of the solute clusters. Finally, the effects of dose, flux and
chemical composition are discussed.
2. Experimental set-up

2.1. Materials

Model alloys were elaborated and irradiated at the nuclear en-
ergy center SCK/CEN of Mol in Belgium. They were prepared using

http://dx.doi.org/10.1016/j.jnucmat.2009.11.012
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Table 1
Average grain size and dislocation density of the investigated alloys.

Material Average grain size (lm) Dislocation density (1013 m�2)

FeCu 125 9 ± 2
FeCuMnNi 88 3.8 ± 0.4
FeMnNi 88 3.2 ± 0.5
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argon-arc melting and zone refinements methods. The resulted in-
gots were cold then worked after an austenisation tempering. To
release the stresses and get a well recrystallized material, a final
heat treatment at 1075 K under argon atmosphere for one hour
was performed, followed by a water quench. X-ray measurements
and TEM observations realized on the sample before irradiation
confirmed their ferritic microstructure. In addition, dark-field
weak beam observations were carried out to determine the dislo-
cation density and the average grain size. They are reported in Ta-
ble 1. Most of the dislocations have an a/2h111i Burgers vector, in
consistency with dislocations expected in bcc metals [25].

The nominal chemical composition of alloys was controlled
after elaboration. The measurements, reported in Table 2, were
performed by ICP/MS (Induced Coupled Plasma/Mass spectrum),
except for the carbon content, measured by internal friction.
2.2. Neutron irradiation

The bulk materials were neutron irradiated in the callisto rig
(IPS2) in the BR2 test reactor of the SCK/CEN at a temperature
and a pressure of 300 �C and 150 bars respectively. The detailed
irradiation conditions are given in Table 3. Two irradiation fluxes
were chosen. They are one to three orders of magnitude larger than
in-service fluxes of RPV steels. The end-of-life (EOL) fluences of
RPV steels can thus be achieved in reduced irradiation times. To
obtain the dose effect on the cluster formation kinetic, the materi-
Table 2
Nominal compositions of the ferritic model alloys and of the RPV steel obtained by chemic
CEN. The iron is the complement.

Material at.% Cu Mn

FeCu CA 0.079 0.010
AP 0.085 ± 0.006 –

FeMnNi CA <0.005 1.11
AP – 1.12 ± 0.02

FeCuMnNi CA 0.092 1.11
AP 0.068 ± 0.006 0.98 ± 0.02

16MND5 Standard [26] <0.07 1.31–1.56
AP 0.05 ± 0.01 1.07 ± 0.06

Material at.% Co Mo

16MND5 Standard [26] <0.028 0.26–0.32
AP 0.03 ± 0.01 0.39 ± 0.04

Table 3
Irradiation conditions of alloys. They were neutron irradiated in the BR2 test reactor of the

Flux Flue

n(E> 1 MeV) m�2 s�1 (�1017) dpa s�1 (�10�7) n(E>

Low flux (LF)
0.15 ± 0.05 0.024 ± 0.008 2.4

High flux (HF)
9.5 ± 0.5 1.35 ± 0.08 1.7
9.0 ± 0.7 1.43 ± 0.11 3.4
8.6 ± 0.5 1.29 ± 0.08 6.9
9.5 ± 0.5 1.43 ± 0.08 13.0
als were irradiated at four fluences (U, 2U, 4U, 8U) at the highest
flux (HF). The highest fluence (8U) is close to the EOL of RPV steels
whereas the lowest (U) corresponds approximatively to the flu-
ence reached at the lowest flux (LF). Results obtained at the fluence
U and at two fluxes (LF and HF) will give information about the
flux effect on the kinetic. The damage rates (dpa s�1), given in Ta-
ble 3, were estimated using the cross section chosen within the
PERFECT framework, namely 1500 barns for neutrons of energy
higher than 1 MeV.

2.3. Atom probe tomography

Samples were analysed by APT [27] before and after irradiation
with an energy compensated tomographic atom probe (ECoTAP/
Cameca) device. It is an efficient technique able to reconstruct
the atomic-scale microstructure of a material in three dimensions
with a very high mass resolution. Indeed, the energy spread of
emitted ions is reduced thanks to an energy compensating device
(a reflectron lens). Furthermore, to avoid the preferential evapora-
tion of copper, the experiments were carried out at a cryogenic
temperature of 50 K and 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.

APT is a tool particularly suitable for the chemical analyses of
solute-enriched clusters. Their number density (if it is greater than
about 1022 m�3 in the case of the facility used here), size (in term of
Guinier radius), solute distribution and composition are achiev-
able. The matrix composition are also given and the mass balance
can be determinated.

Statistical treatment were conducted systematically on the
reconstructed volumes. Indeed, clusters formed during irradiation
can be too small to be distinguished by simple observation. Fur-
thermore, first steps of phase decomposition result in composition
fluctuations which can only be detected using statistical tests. The
al analysis (CA) and atom probe (AP) measurements. CA were performed at the SCK/

Ni C P Si

<0.005 <0.01 0.011 0.01
– – 0.0045 ± 0.001 –
0.71 <0.01 0.009 <0.01
0.73 ± 0.01 – 0.0045 ± 0.001 –
0.68 <0.01 0.009 <0.01
0.57 ± 0.02 – 0.0034 ± 0.0015 –

0.47–0.75 <0.92 <0.014 0.20–0.59
0.6 ± 0.05 0.048 ± 0.01 0.008 ± 0.006 0.48 ± 0.04

Cr

<0.27
0.24 ± 0.03

SCK/CEN at Mol at 300 �C and 150 bars. dpa is the acronym for displacement per atom.

nce Notation

1 MeV) m�2 (�1023) dpa

1 ± 0.52 0.032 ± 0.008 LF-U

5 ± 0.28 0.026 ± 0.004 HF-U
6 ± 0.14 0.052 ± 0.002 HF-2U
3 ± 0.52 0.104 ± 0.008 HF-4U
6 ± 1.06 0.196 ± 0.016 HF-8U
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following procedure was used in all the materials for comparison
[10,27,28]. First, solute distribution was compared to a random so-
lid solution using the v2 statistical test. It was assumed that the
distribution of solute was homogeneous if the result of the v2 test
was larger than 0.05. In that case, the validity of the test was at
least equal to 95%. If the test revealed that the distribution of solute
was heterogeneous, then a cluster detection algorithm was used. In
this procedure, the local environment of each atom, within a small
sphere, was tested. The radius of the sphere was fixed to 8 Å. If the
atomic concentration of a given solute in the sphere exceeded a
threshold value, the atom at the center of the sphere belonged to
a cluster marked i. Furthermore, if an other atom belonging to a
cluster marked j was present in the sphere, then the algorithm
associated the two atoms to the same cluster i. This procedure, per-
formed on each individual atom of the analysed volume, allowed to
identify all the possible clusters. The threshold value was a com-
promise between a value low enough to allow the detection of
the smallest clusters and not too small to avoid the detection of
clusters in volumes for which the solute distribution was homoge-
neous according to the v2 test. Furthermore, we considered only
clusters containing a minimum of five solute atoms. Taking ac-
count of a detection efficiency of about 50%, this corresponds to
10 solute atoms per cluster in the actual material. When all the
clusters in a volume were detected, the location of their interface
had to be located as precisely as possible. Indeed, neutron induced
clusters might be very diffuse and undefined objects. In order to
identify them in a reproducible way, it was necessary to define a
criterium. In this study, the Guinier radius of the clusters was cal-
culated with all the atoms (solute and solvant (Fe)) and just the
solute ones. If the values were not equal, atoms localized at the
cluster periphery, in a shell with a fixed thickness, were elimi-
nated. Then again, the Guinier radius of the eroded cluster with
all the atoms or just the solute ones were compared. This proce-
dure was repeated until the same values were obtained. At that
time, we assumed that the best interface for the cluster considered
was reached.

It should be noticed also that some clusters were located on the
edge of the analysed volume. It is likely that a part of those clusters
was not detected. Therefore, they were excluded from the mean
cluster size calculations.

In some cases, no cluster were detected even if the distribution
of solute is non-homogeneous according to the v2 test. Then, the
pair correlation method was used (Fig. 1). It allowed to access to
Fig. 1. Schematic representation of the pair correlation method.
the local neighboring of solute atoms in the reconstructed volume.
For that purpose, a pair correlation coefficient (gij(r)) was intro-
duced. It is equal to the ratio of the number of experimental pairs

ij in a volume Nexp
ij ðrÞ

� �
over the number of theoretical ones

Ntheo
ij ðrÞ

� �
. The former is:

Nexp
ij ðrÞ ¼Ni

jðrnÞNi ð1Þ

where Ni
jðrnÞ is the number of atoms j in a shell of thickness dr lo-

cated at a distance rn from each atom i, and Ni is the total number
of atom i in the volume. The number of theoretical pairs is calcu-
lated in the assumption of a homogeneous distribution of atom j
around each atom i. It has the following expression:

Ntheo
ij ðrÞ ¼ CjNtotðrnÞNi ð2Þ

where Cj is the atomic concentration of j in the volume and NtotðrnÞ
is the total number of atoms in a shell of thickness dr located at the
distance rn from each atom i. The coefficient of pair correlations is
thus given by:

gijðrÞ ¼
Ni

jðrnÞ
CjNtotðrnÞ

ð3Þ

If atoms j are randomly distributed around atoms i, no correla-
tion exists between i and j and gij(r) is equal to unity. In case of cor-
relations, gij(r) is higher than one.

3. Experimental results

Atom probe (AP) analyses were conducted on the non-irradi-
ated samples in order to confirm the chemical analysis and to
check the initial spatial distribution of solutes. In the FeCu and
FeMnNi alloys, chemical analysis are within the standard error of
AP measurements (Table 2). Concerning the FeCuMnNi alloy, the
AP measurements gave lower values than expected. It is certainly
due to the non-homogeneous distribution of solutes at the macro-
scopic scale because no phase transformation occurred during the
elaboration thermal treatment. In the case of the 16MND5 RPV
steel, the observed depletion in Mn and C is probably due to the
presence of carbides, observed by TEM at the CIEMAT [29].

The nanometer scale spatial distribution of solute atoms known
to precipitate under irradiation (Cu, Mn, Ni and Si) was statistically
tested with the standard v2 test (see Section 2.3). The statistical
treatment of the data obtained from the analysed volume (typi-
cally 15 � 15 � 100 nm3) clearly revealed a homogenous distribu-
tion before irradiation.

After irradiation, the APT analysis revealed that the neutron
irradiation resulted in the formation of a high number density of
solute-enriched clusters in all materials. They correspond to nano-
meter-size clusters containing a large amount of iron. Their charac-
teristics are reported in Table 4. Those results are commented
below, starting with the FeCu binary alloy. Then, results obtained
in the more complex materials are detailed. For each material, both
effects of dose and flux on the evolution of the microstructure un-
der irradiation are given.

3.1. Fe–0.08 at.% Cu alloy

In all the irradiation conditions, copper and phosphorous-en-
riched clusters were detected (Fig. 2). Their cores are mainly en-
riched in copper (up to 73 at.%). Phosphorous atoms are
expanded on a larger area than copper atoms. Even if the two ob-
jects are often associated (50% of the observed clusters), we also
found some isolated copper (45%) and phosphorous clusters (5%),
as the one quoted in Fig. 2. Phosphorous atoms are known to seg-
regate and to gather in the form of diffuse clusters under irradia-
tion [7].



Table 4
Summary of the solute clusters characteristics detected by APT. Error bars refer to standard variations.

Alloy Irradiation condition (notation Table 3) Groupe Number density (1023 m�3) Clusters composition (at.%) Mean radius (nm)

Cu Mn Ni

Balance is iron

FeCu LF-U 0.8 ± 0.5 37 ± 4 – – 1.3a

HF-Ub 1.7 ± 0.8 – – – –
HF-2U 1.3 ± 0.7 23 ± 5 – – 0.7a

HF-4U 0.8 ± 0.5 11.5 ± 2 – – 1.2a

HF-8U 1.3 ± 0.5 25 ± 6 – – 1.1 ± 0.1

FeMnNi LF-U 3.8 ± 1.3 – 7.6 ± 1 0.9 ± 0.5 0.8 ± 0.2
HF-U <0.1 – PCd – –
HF-2U <0.1 – PCd PCd –
HF-4U 7.7 ± 2.3 - 9.1 ± 0.7 3.3 ± 0.5 0.7 ± 0.2
HF-8U 6.9 ± 1.8 - 13.7 ± 2 3.4 ± 1 0.8 ± 0.3

FeCuMnNi LF-U 1 1.3 ± 0.9 5.8 ± 3.5 3.5 ± 2.8 0.6 ± 0.6 1.1a

2 3.3 ± 1.5 0.7 ± 0.7 6.6 ± 2.2 0.3 ± 0.3 0.7 ± 0.2
HF-U 1 1.0 ± 0.6 8.9 ± 0.3 3.9 ± 0.1 1.6 ± 0.1 0.9f

HF-2U 1 5.0 ± 2.0 8.3 ± 2.1 3.0 ± 1.8 2.4 ± 1.1 0.8 ± 0.2
HF-4U 1 1.7 ± 0.9 13.3 ± 2.3 3.5 ± 3.5 4.7 ± 2.8 0.8 ± 0.1

2 7.3 ± 2.0 0.7 ± 0.7 6.4 ± 3.3 4.4 ± 4.4 0.7 ± 0.3

16MND5 LF-U 7.4 ± 1.7 – 8.1 ± 2 – 0.6 ± 0.1
HF-8U 3.7 ± 1.3 - 8.4 ± 1.7 – 0.6 ± 0.1

a The incertitude is not given because only one of the clusters detected is located inside the analyse cylinder.
b All clusters were detected at the edge of the analyse cylinder. Therefore, the composition and the mean size of clusters for this irradiation condition cannot determined.
d Mn/Mn or Ni/Ni pair correlations were detected.
e Clusters of group 1 are enriched in copper mainly while clusters of group 2 are enriched only in manganese and nickel.
f The incertitude is not given because all the clusters detected have the same size.
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3.1.1. Dose effect
The copper content in the matrix (away from the clusters) as a

function of dose is reported in Fig. 3. At high flux, from the second
(0.052 dpa) to the highest (0.196) dose reached, the copper content
in the matrix decreased but stayed higher than the solubility limit.
In addition, from 0.026 to 0.196 dpa, the cluster number density
has a constant value of about 1023 m�3, showing that the nucle-
Fig. 2. (a) Atom probe tomography reconstruction of a small volume of the low copper F
Iron atoms are not represented for clarity of the image. Three copper and phosphorous-e
also present; (b and c) Enlargement on a cluster located inside the square in (a). Coppe
(1,1,0) plans are visible on the images.
ation stage was already completed at the lowest dose (Table 4).
This evolution indicates the cluster growth. This is confirmed by
the evolution with dose of the cluster size (in atom number) re-
ported in Table 5. These results are in agreement with the litera-
ture. Radiguet et al. reported similar results in a low copper Fe–
0.088 at.% Cu alloy analysed by APT after self-ion irradiation [10].
Glade et al. observed an identical behavior in a neutron irradiated
e–0.08 at.% Cu alloy after neutron irradiation at high flux up to 0.196 dpa (HF-8U).
nriched clusters, indicated by arrows, are visible. An isolated phosphorous cluster is
r (b) and phosphorous (c) atoms are represented by larger points than iron atoms.
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Fig. 3. Evolution of the matrix copper content in the low copper Fe–0.08 at.% Cu
alloy during neutron irradiation. The intermediate flux corresponds to a previous
result obtained by Auger et al. [1] on the same alloy neutron irradiated at
4.2 � 10�8 dpa s�1. Dotted line corresponds to the copper solubility limit ([Cu]eq) in
a-iron, calculated from expression (4).

Table 5
Mean size of clusters detected in the low copper Fe–0.08 at.% Cu alloy irradiated at
high flux.

Notation (Table 3) Cu ðNbÞ

HF-2U 57a

HF-4U 139a

HF-8U 420 ± 225

a The incertitude is not given because only one of the clusters detected is located
inside the analyse cylinder.
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Fe–0.8 at.% Cu analysed by SANS [8]. In addition, as the cluster
number density is constant over the dose range studied, a potential
coarsening of clusters, occurring in thermal-assisted precipitation,
did not appear.

Since the FeCu phase diagram under irradiation is not known,
the thermal copper solubility limit ([Cu]eq) was used in Fig. 3. It
was calculated by using the following analytical expression:
1 2 3

0.5

1.0

1.5

2.0

a Neighbour number

g(
r)

 0.052 d
 0.026 d
 Non-irr
 No cor

Mn/Mn

Fig. 4. Pair correlations Mn/Mn (a) and Ni/Ni (b) at the first, second and third neighbor
(round symbol) and after irradiation at high flux up to 0.026 (empty square) and 0.05
standard variations.
½Cu�eqðat:%Þ ¼ expð0:866Þ � exp
�0:54 eV

kT

� �
ð4Þ

where k and T are the Boltzmann constant and the temperature in
Kelvin respectively. It was obtained by fitting the experimental de-
crease of the copper content in the matrix of a Fe–1.1 Cu–1.4 Ni
(at.%) alloy during thermal ageing [30,31]. At the irradiation tem-
perature of 573 K, the solubility is limited to 42 appm.

3.1.2. Flux effect
Comparison between results obtained at high and low flux at

the same dose of about 0.03 dpa is reported in Fig. 3 and in Table 4.
They show that the reduction of the flux by a factor 60 did not
change the cluster number density but reduced the copper content
in the matrix by a factor 5 and increased the cluster size. These re-
sults are in agreement with those obtained by Auger et al. on the
same alloy neutron irradiated at an intermediate flux of
4.2�10�8 dpa s�1 [1]. The number density of clusters is equivalent
to our results and the remaining copper content in the matrix is be-
tween the values obtained at high and low flux. Akamatsu reported
similar results in a neutron irradiated Fe–0.6 at.% Cu analysed by
SANS [32]. The size of copper clusters at a given dose increases
as the flux decreases. Therefore, at least in the range of fluxes stud-
ied, reducing the flux enhanced the copper precipitation kinetics
for a given dose. It is not surprising because the atoms had more
time to diffuse at low flux.

3.2. Fe–1.1 Mn–0.7 Ni (at.%) alloy

3.2.1. Dose effect
In the FeMnNi alloy irradiated at high flux and low fluences

(0.026 and 0.052 dpa), the cluster detection algorithm did not re-
veal any solute clustering. Thus, a statistical treatment of data
was performed. The v2 test revealed that the distribution of Mn
was not homogeneous after an irradiation dose of 0.026 dpa and
the distribution of Ni was not homogeneous after an irradiation
dose of 0.052 dpa.

To go further, the pair correlation method was used (Sec-
tion 2.3). The correlations Mn/Ni, Mn/Mn and Ni/Ni were calcu-
lated. Results are reported in Fig. 4. No mixed Mn/Ni correlation
was present in the alloy irradiated up to 0.052 dpa. However, some
b Neighbour number

Ni/Ni

pa - High flux
pa - High flux

adiated state
relation

1 2 3

0.5

1.0

1.5

2.0

in a part of the reconstructed volume of the Fe–1.1 Mn–0.7 Ni (at.%) alloy before
2 dpa (full square). Dotted line refers to absence of correlation. Error bars refer to
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short-range correlations Mn/Mn and Ni/Ni, not present before irra-
diation, were found. Mn/Mn correlations were detected from
0.026 dpa whereas Ni/Ni were only detected from 0.052 dpa, in
agreement with the results obtained with the v2 test.

As the dose increased up to 0.104 dpa, the fluctuations ampli-
fied and a high number density of clusters formed (Fig. 5). They
are enriched in manganese and nickel or in manganese only. About
10% of these clusters are associated with few phosphorous atoms.
Their number density remained constant between 0.104 and
0.196 dpa while their size slightly increased (Table 4). As a result,
as the dose increased, the clusters grew slowly. Furthermore, the
manganese enrichment increased while the nickel enrichment
did not change. As the manganese and the nickel are soluble in
the a-iron, at least individually taken, their precipitation may just
result from an induced mechanism.

Contrary with results obtained in the FeCu alloy, the solute con-
tent in the matrix was not significantly reduced by the irradiation.
The proportion of solute atoms in clusters was low by comparison
with solute atoms in solid solution. Therefore, the matrix evolution
in the FeMnNi alloy could not be followed.

To summarize, after irradiation at high flux, manganese fluctu-
ations appeared in the FeMnNi alloy from 0.026 dpa while nickel
fluctuations appeared from 0.052 dpa. At a dose of 0.104 dpa, man-
ganese and nickel clusters formed. Their size slightly increased
from 0.104 to 0.196 dpa.
3.2.2. Flux effect
Concerning the flux effect, after an equivalent dose of about

0.03 dpa, manganese clusters or manganese and nickel clusters
were detected at low flux (Table 4) whereas only Mn/Mn pair cor-
relations were present at high flux. Then, decreasing the flux in-
creased the kinetics of manganese and nickel segregation, as for
copper in the binary alloy.
Fig. 5. (a) Atom probe tomography reconstitution of a small volume of the Fe–1.1 Mn–0
atoms are not represented for clarity of the image. (b and c) Enlargement of a cluster loca
are represented by larger points than iron atoms. The majority isotope of nickel (Ni58(II)),
representation. The apparent nickel content is thus over-estimated.
3.3. Fe–0.09 Cu–1.1 Mn–0.7 Ni (at.%) alloy

In the quaternary FeCuMnNi alloy, the formation of copper,
manganese and nickel-enriched clusters was detected in all the
irradiated specimens. Two groups could be distinguished (Table 4).
Clusters of group 1 are mainly enriched in copper. Their corre-
sponding copper enrichment, greater than 100, is significatively
higher than the manganese and nickel enrichments, limited to
few units. Clusters of group 2 are enriched in manganese and nick-
el or in manganese only. It should be noticed that the nickel and
manganese enrichments of clusters of groups 1 and 2 are similar.
The difference between the two groups is the copper enrichment.

A 3D reconstitution of the volume of the alloy irradiated at high
flux and 0.104 dpa is given in Fig. 6. Examples of clusters from the
two groups are marked. The cluster of group 2 is associated with
phosphorous atoms, as 22% of the clusters detected in this alloy.

3.3.1. Dose effect
Clusters of group 1 were formed at high flux from the lowest

dose of 0.026 dpa. Their number density increased from 0.026 to
0.052 dpa and decreased from 0.052 to 0.104 dpa. It is certainly
due to statistical effects. Furthermore, their mean radius stayed
slightly unchanged from 0.026 to 0.104 dpa, indicating that the
clusters did not grow after their formation.

Clusters of group 2 were detected at high flux from a dose of
0.104 dpa.

3.3.2. Flux effect
The flux effect on the two cluster groups is not the same. It has

no influence on clusters of group 1. They were formed at the two
fluxes at the same dose of about 0.03 dpa in equal number density
and equivalent mean size (Table 4). On the contrary, clusters of
group 2 were detected only at the lowest flux.
.7 Ni (at.%) alloy after neutron irradiation at high flux and 0.196 dpa (HF-8U). Iron
ted inside the square in (a). Manganese (b) and nickel (c) atoms belonging to clusters
convoluted with a minority isotope of iron (Fe58(II)), was attributed to nickel for the



Fig. 6. Atom probe tomography reconstitution of a small volume of the low copper Fe–0.09 Cu–1.1 Mn–0.7 Ni (at.%) alloy after neutron irradiation at high flux and 0.104 dpa
(HF-4U)). Two groups of clusters were formed. The first corresponds to manganese and nickel enrichments (squares on the left and in the middle) while the second refers to
copper enrichments (square on the right). In these figures, iron atoms are not represented for clarity of the image. The majority isotope of nickel (Ni58(II)), convoluted with a
minority isotope of iron (Fe58(II)), was attributed to nickel for the representation. The apparent nickel content is thus over-estimated.

Fig. 7. Schematic illustration of the temperature dependance of the magnitude of a
radiation-controlled process. The advancement of the copper precipitation (Eq. (5))
in the FeCu alloy has been considered here. Full line and dashed lines refers
respectively to the higher (/1) and to the lower flux (/2) of the study.
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Thus, decreasing the flux had no effect on the copper precipita-
tion, contrary to what observed in the binary alloy. However, it re-
sulted in an increase of the kinetic of manganese and nickel
segregation, as in the ternary alloy.

3.4. 16MND5 RPV steel

The 16MND5 RPV steel was analysed by APT after irradiation at
high flux and 0.196 dpa and at low flux and about 0.03 dpa. In
these conditions, a high number density of very localized manga-
nese clusters was detected. Their size is limited to 0.6 ± 0.1 nm in
average. Even if other solute atoms are present within these clus-
ters, the corresponding enrichment is not significant. Here again,
some clusters were associated with phosphorous atoms after irra-
diation at low flux.

4. Discussion

4.1. Dose effect

In the binary FeCu alloy, the effect of the dose was to increase
the size of the copper clusters as well as the size of the manganese
and nickel clusters formed in the FeMnNi alloys. Furthermore, cop-
per clusters formed earlier than manganese and nickel ones. It can
result from a difference of clustering mechanism between copper,
manganese and nickel atoms during irradiation. Indeed, if we as-
sume that there is no synergistic effect between the three solutes,
copper is highly insoluble while manganese and nickel are soluble
in the alloys at 300 �C. Thus, manganese and nickel clustering may
be just induced by the irradiation whereas copper clustering may
be accelerated by the irradiation also.

4.2. Flux effect

APT analyses revealed that for a given dose, the advancement of
the solute clustering is higher when the flux is reduced, but in the
case of the copper in the FeCuMnNi alloys.

In presence of a radiation-induced mechanism, the temperature
dependance of the magnitude of a process (e.g. the void growth) is
a peak (Fig. 7). At high temperature, PD flux are low because the
supersaturation of PD is low. Therefore, the advancement of the
process is low also. It is the same at low temperature. Since the
mobility of the point defects is reduced, mutual recombination
dominates and PD flux are low also. Therefore, for a given flux,
there is an intermediate temperature for which the advancement
is maximum.

Moreover, the advancement of a process at a given temperature
is flux dependant [22]. When the flux is reduced (Fig. 7), the curve
is shift towards lower temperatures, because the supersaturation is
as low as the flux is low.

It was applied to the results obtained in the FeCu alloy (Fig. 7).
Precipitation kinetics of a second phase in a metastable solid solu-
tion can be described by its advancement factor f, defined as the
quotient of the precipitated volume over the precipitable one
(according to the thermodynamics). It can be expressed by:

f ¼
½Cu�0 � ½Cu�ðtÞ
½Cu�0 � ½Cu�eq

ð5Þ

where [Cu]0 is the copper content in the non-irradiated matrix,
[Cu](t), the copper content in the irradiated matrix at the time t
and [Cu]eq the copper solubility limit. After irradiation at a same
dose of about 0.03 dpa, f was equal to 0.3 at high flux and 0.9 at
low flux. It should be noticed that under in-service conditions of
RPV steels, the neutron flux is about ten times lower than the lower
flux of this study. Depending on the position of the copper precipi-
tation peak at this flux, the precipitation can be advanced or
delayed.

4.3. Chemical composition effect

The combined effect of manganese and nickel on the copper
precipitation can be accessed by comparing results obtained in
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the FeCu and FeCuMnNi alloys irradiated in the same conditions.
The advancement of the copper precipitation in the two alloys is
reported in Fig. 8. It is higher in the binary alloy than in the quater-
nary alloy. The difference is significative after irradiation at high
flux and 0.104 dpa and at low flux. Thus, the presence of alloying
elements reduced the copper precipitation kinetics. In parallel, a
rate theory numerical code has been fitted on the interstitial dislo-
cation loops distribution formed under irradiation in the same
FeCu and FeCuMnNi alloys [33,34]. It reveals that the experimental
results can be reproduced by increasing the migration energy of
vacancies for the more complex alloy. Furthermore, recent ab initio
calculations [35] showed that the transport of copper atoms under
irradiation occurs mainly via vacancies, as generally admitted.
Thus, our experimental results may be explained by the reduction
of the vacancy mobility in presence of allowing elements which
may delay the copper precipitation.

Our APT analysis showed also that the clusters formed in the
FeCuMnNi alloy are more numerous and smaller than those
formed in the binary alloy. TEM analysis revealed as well that
the PD clusters formed in the more complex alloy are more numer-
ous and smaller [29]. This is in agreement with the assumption of a
heterogeneous precipitation of solute clusters [10] on PD clusters.
The number of nucleation sites is higher in the FeCuMnNi alloy.

The effect of copper on the manganese and nickel precipitation
can be obtained by comparing results obtained in the FeMnNi and
FeCuMnNi alloys. We can see from Table 4 that the number density
and the mean size of manganese and nickel-enriched clusters
(group 2 in the case of the FeCuMnNi alloy) are equal. Furthermore,
manganese and nickel-enriched clusters were not detected after
irradiation at high flux up to 0.052 dpa in both alloys. This suggests
that the presence of copper had no significant effect on the segre-
gation of these elements, maybe because the manganese and nickel
contents in the FeCuMnNi alloy is 20 times higher than the copper
content.

In the 16MND5 RPV steel, the microstructure (carbides, higher
density of dislocation lines,. . .) and/or the presence of other ele-
ments resulted in clusters only enriched in manganese and smaller
than those clusters formed in the ferritic model alloys. This point is
still an open question.
5. Conclusion

To gain more insight into the formation mechanism of solute
clusters in RPV steels under neutron irradiation, atom probe
tomography experiments were performed in ferritic model alloys
(low copper Fe–0.08 Cu (at.%), Fe–0.09 Cu–1.1 Mn–0.7 Ni (at.%)
and a copper free Fe–1.1 Mn–0.7 Ni (at.%)) and in a 16MND5 RPV
steel. They were irradiated in a test reactor at two fluxes of 0.15
and 9 � 1013 n(E> 1 MeV) cm�2 s�1 and at increasing doses from
0.18 to 1.3 � 1020 n(E> 1 MeV) cm�2. The main results are:

� Solute-enriched clusters were detected in all the materials, even
in the copper free FeMnNi alloy.

� In the FeCu binary alloy, the range of doses studied corresponds
to the copper cluster growth. A potential coarsening of clusters,
occurring in thermal assisted precipitation, did not appear
(Fig. 3).

� In the FeMnNi alloy, manganese enrichments, associated or not
with nickel atoms, were detected at high flux from a dose of
0.104 dpa and at low flux at 0.032 dpa (Fig. 5). Manganese and
nickel segregation in a low-Ni ferritic material in absence of
the highly supersaturated copper has never been reported
before. It could result from a radiation-induced mechanism,
since these solutes are, at least independently taken, soluble in
the a-iron. Further analyses on undersaturated FeMn or FeNi
systems are ongoing to confirm this suggestion.

� In the FeCuMnNi alloy, two cluster groups were detected: clus-
ters mainly enriched in copper and clusters enriched in manga-
nese and nickel only (Fig. 6). The former formed earlier than the
latter. It can result from a difference of clustering mechanism
between copper, manganese and nickel atoms during irradia-
tion. Manganese and nickel clustering may be just induced by
the irradiation whereas copper clustering may be accelerated
by the irradiation also.

� In the three ferritic model alloys studied, reducing the flux
increases the kinetic of solute cluster formation, but in the case
of the copper in the FeCuMnNi alloy. This can be explained by
assuming a radiation-induced mechanism (Fig. 7).

� In the 16MND5 RPV steel, the microstructure (carbides, higher
density of dislocation lines,. . .) and/or the presence of other ele-
ments resulted in manganese-enriched clusters smaller than
solute clusters formed in the ferritic model alloys.

� In all the materials studied, some phosphorous clusters were
found, in association or not with solute clusters (Figs. 2, 5 and
6). In the former case, phosphorous atoms are expanded on a lar-
ger area than the other solutes. A dedicated study is needed to
clarify the particular behaviour of this element under
irradiation.
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