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Abstract

This work is dedicated to the understanding of the basic processes involved in the formation of copper enriched clusters
in low alloyed FeCu binary system (FeCu0.1 wt%) under irradiation at temperature close to 300 �C. Such an alloy was
irradiated with electrons or with ions (Fe+ or He+) in order to deconvolute the effect of displacement cascades and the
associated generation of point defect clusters (ion irradiations), and the super-saturation of mono-vacancies and self-inter-
stitial atoms (electron irradiation). The microstructure of this alloy was characterised by tomographic atom probe. Exper-
imental results were compared with results obtained with cluster dynamic model giving an estimation of the evolution of
point defects (free or agglomerated) under irradiation on the one hand and describing homogeneous enhanced precipita-
tion of copper on the other hand. The comparison between the results obtained on the different irradiation conditions and
the model suggests that the point defect clusters (dislocation loops and/or nano-voids) created in displacement cascades
play a major role in copper clustering in low copper alloy irradiated at 573 K.
� 2006 Elsevier B.V. All rights reserved.

PACS: 61.72.�y; 61.72.Bb; 61.82.Bg; 61.80.�x
1. Introduction

In a pressurised water reactor (PWR), the vessel
– made of ferritic steel – is one of the most impor-
tant barriers between the reactor core and the out-
side. Hardening and embrittlement of the vessel
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steel under neutron irradiation are one of the limita-
tions of the lifetime of such reactors. It is well estab-
lished that the degradation of the mechanical
properties of vessel steel under irradiation is in rela-
tionship with the formation of a high number
density (>1023 m�3) of very fine (�2 nm in diameter)
solute clusters [1–12]. These clusters are enriched in
one solute known to be in super-saturation [13,14]
in iron at the temperature of irradiation (300 �C) –
the copper – and also in some under saturated
.
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solutes in iron [15]: manganese, nickel, silicon and
phosphorus. At present time, if the homogeneous
precipitation of copper is clearly the relevant mech-
anism in high copper alloys, the basic processes at
the origin of the formation of these clusters in low
copper alloys are still not well understood.

The main goal of this work is to bring informa-
tion about the mechanism(s) that could explain
the formation of solute clusters under irradiation.
Three different possibilities are examined in this
paper. First, some results suggest that solute cluster-
ing could occur directly inside displacement
cascades, during the relaxation period [13,16]. Sec-
ondly, the super-saturation of mobile point defects
accelerates the diffusion of the solutes atoms.
Enhanced diffusion can result in enhanced homoge-
neous precipitation [17,18]. Finally, the third
assumption examined here is heterogeneous precip-
itation on point defect clusters. Heterogeneous pre-
cipitation could be either due to the heterogeneous
nucleation mechanism, or to radiation induced seg-
regation [19–21].

To settle among the different hypothesis men-
tioned previously, specific irradiations are per-
formed on a model alloy. For reasons of simplicity,
the work presented in this paper is focused on the
behaviour of copper. A FeCu0.1 wt% binary alloy
is used for our experiments. This alloy has a rela-
tively simple microstructure so the interpretation
of the results is facilitated. It is irradiated with three
kinds of incident particles. In the one hand, 3 MeV
electrons are used. In this case, only isolated Frenkel
pairs are created. The major effect of irradiation is
then a super-saturation of free point defects resulting
in enhanced diffusion of solute atoms and point
defect fluxes. In the other hand, Fe+ (150 keV) and
He+ (1 MeV) ions are used. Such irradiation results
in the creation of displacement cascades (DC) during
collisions between ions and target atoms. These cas-
cades are known to result in the formation of a high
number density of point defect clusters. Thus, com-
paring the different types of irradiation, it is possible
to deconvolute the effect of the super-saturation of
free point defects from the effect of displacement
cascades and also from the effect of point defect
clusters.

The evolution of the chemical microstructure
during irradiation is followed by tomographic atom
probe (TAP) which is one of the most efficient tool
to observe and characterise nano-sized chemical
features in metals [22–24]. In order to interpret the
experimental results obtained with TAP, theoretical
predictions obtained with the software ‘Stopping
and Ranging of Ions in Matter (SRIM 2003) [25]
and the ‘Cluster Dynamic for Precipitation and
Vacancies and Interstitials Clustering’ (CDPVIC)
model described in [26] are used. This model mixes
the ‘Cluster Dynamic Vacancies and Interstitials
Clustering’ (CDVIC), which gives the evolution of
the concentration of free point defects and point
defects clusters under irradiation [27], and the ‘Clus-
ters Dynamic model for Precipitation’ (CDP) which
describes the homogeneous precipitation of one
solute in a binary alloy [17]. The combination of
these two models gives accurate prediction of homo-
geneous enhanced precipitation of copper under
irradiation and an evaluation of the size and num-
ber density of point defect clusters, including the
smallest ones witch are not visible with Transmis-
sion Electron Microscopy (TEM).

Our approach is then to compare the experimen-
tal number density and size of copper clusters with
the calculated number densities of DC, point defect
clusters and copper precipitates assuming homoge-
neous nucleation.

The first part of this paper describes the experi-
mental procedure. Experimental results are pre-
sented in the second part. Finally, experimental
results are discussed in the third part, tacking into
account our calculations performed with the model.

2. Experimental procedure

2.1. Material

Results given in this paper concern FeCu0.1 wt%
(0.088 at.%) binary alloy. Two different alloys were
used in this work. The first was prepared by the
Centre d’Etudes Nucléaires from Grenoble
(CENG). It was cold rolled down to a thickness of
800 lm. Then it was subjected to recrystallization
and homogenization treatment at 800 �C during
2 h under argon atmosphere, and after that, it was
quenched under argon jet (�20 �C/s). This alloy
was irradiated with electrons. The second alloy
was made by the Centre d’Etudes de Chimie Métal-
lurgique (CECM) at Vitry. After an austenitisation
treatment (30 min at 1000 �C), it was maintained
during 1 h at 850 �C followed by air quench
(�10 �C/s). This alloy was used to perform ion irra-
diations. Each alloy, was made with high purity iron
(C < 70 appm).

Atom probe experiments indicate that in each
case a random solid solution is obtained. Indeed,
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statistical v2 test are equal to 0.61 and 0.59 for the
first and the second alloy respectively. The copper
content of the ferritic matrix is 0.085 ± 0.007 at.%
for the first alloy and 0.080 ± 0.006 at.% for the
second. Optical micrography shows that the grain
size is about one millimetre in diameter in each case
Thus we are considering here that both alloys are
identical.

2.2. Irradiation conditions

As mentioned before, three different types of irra-
diation were performed. In the first case, the alloy in
the shape of a plate was irradiated with 3 MeV elec-
trons in a Van de Graaff accelerator at the CENG.
Only the centre of the plate is irradiated. Irradiated
samples for atom probe experiments are cut from
this part.

The two others kind of irradiations are Fe+ and
He+ ion irradiations. In both cases, the already pre-
pared atom probe samples were irradiated with an
ion beam perpendicular to the axis of the tip. This
procedure is due to the very small penetration depth
of ions in the target (in particular for Fe+ ions)
which does not allow to irradiate bulk material
and then cut atom probe samples.

Iron ion irradiations were performed in the Cen-
tre de Spectroscopie Nucléaire et de Spectrométrie
de Masse (CSNSM) in Orsay, France. Fe+ ions were
used to create the primary knocked atoms (PKA)
that will generate displacement cascades with energy
between few hundred eV and about 145 keV. Under
this condition, the primary damage is not homoge-
neous in the material. As it will be shown later,
the dose rate strongly depends of the distance from
the surface. In order to have the maximum primary
damage in the analysed volume of the TAP samples,
the chosen energy of Fe+ ions was 150 keV.

Helium ion irradiations were performed in a Van
de Graaff accelerator in Commissariat à l’Energie
Atomique (CEA) in Saclay, France. He+ ions with
Table 1
Irradiation conditions for electron and ion irradiations

T (K) Flux (m�2 s�1) Fluence (m

Electrons 563 9.4 · 1017 5 · 1024

Fe ions 573 5 · 1014 8.5 · 1015!
He ions 573 2.6 · 1017 6.5 · 1020

Four different times of irradiation were used for iron ion irradiation
8.5 · 1015 and 1.2 · 1018 m�2. Concerning ion irradiations, dose and do
an energy equal to 1 MeV were used. Such ions go
right through the TAP sample, thus no helium is
implanted. As described later, the main advantage
of using this kind of ions is that the production rate
of point defects is similar to those obtained with
150 keV Fe+ ions, but helium ions creates 10 times
less large displacement cascades (EPKA P 10 keV)
than Fe+ ions.

For each type of irradiation, the detailed condi-
tions are reported in Table 1. As it can be observed
in this table, electrons produce a dose rate compara-
ble to the dose rate received by a PWR vessel,
whereas the dose rate due to ion irradiations (in
dpa NRT [28]) is largely higher. Concerning iron
ion irradiations, four different fluences were used
corresponding to 17, 100, 840 and 2500 seconds of
irradiation. Irradiation temperature, the usual oper-
ation temperature of the vessel of water-pressurised
reactor, was 300 �C.

These irradiation conditions were chosen in order
to compare electron and ion irradiations, dividing
effects of displacement cascades, super-saturation
of free point defects and influence of point defects
clusters.

2.3. Atom probe experiment

All the experiments were performed with tomo-
graphic atom probe (TAP). They were carried out
using a pulse fraction of 19% and a temperature
of 50 K in order to prevent preferential evaporation
of copper [29]. In every case a low evaporation flux,
about 0.03 detected ions per pulse, was maintained
in order to minimise the risk of rupture of the tip
during analysis and also in order to prevent pile
up effect [30].

After each atom probe experiment, the data were
always treated on the same way. First algorithm to
identify clusters was applied to volume. This tool
allows to identify small clusters which are not visible
‘with eyes’ in the 3D-reconstruction. The principle is
�2) Dose rate
(dpa NRT s�1)

Dose
(dpa NRT)

5.6 · 10�9 3 · 10�3

1.2 · 1018 1.4 · 10�4 2.4 · 10�3! 0.35
2.6 · 10�5 0.065

s (17, 100, 840 and 2500 s) corresponding to fluences between
se rate are reported in dpa NRT.
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the following. A sphere with a fixed radius (0.8 nm
was chosen because it contains 100 detected atoms
with an atomic volume equals to 0.0117 nm3 and a
detection efficiency equals to 0.5) is placed on each
atom. If the concentration of copper inside this
sphere is higher than a fixed concentration threshold
(set to 4 at.%) the atom is considered to be in a clus-
ter. This method and the chosen parameters allow
detection of copper clusters containing at least five
copper detected atoms. If solute clusters are identi-
fied, they are characterised in term of size (radius
or number of detected copper atoms), chemical
composition and number density. The matrix com-
position is then the composition of the all volume
without clusters. If any cluster is identified, the
matrix composition is assimilated to the composi-
tion of the analysed volume. In this case, statistical
v2 test of the spatial distribution of solute atoms is
done, in order to determine if copper is still homo-
geneously distributed after irradiation.

3. Experimental results

3.1. Electron irradiation

The position of copper atoms in a small volume
analysed with TAP after electron irradiation is
represented in Fig. 1. As it is clearly revealed, and
confirmed by computed statistic analyses of the data
set, no copper clusters (containing at least five
detected copper atoms) are observed under this elec-
tron irradiation condition.

The v2 test indicates that the spatial distribution
of copper atoms is not significantly different from
a binomial distribution (v2 test = 0.73). After elec-
tron irradiation, under this condition, copper atoms
are still randomly distributed in the ferritic matrix.
The copper content of the matrix is still close to
those measured in the reference material: 0.084 ±
0.005 at.%.
Fig. 1. Atom map of the copper atoms after electron irradiations.
Only copper atoms are represented. No copper cluster is
observed.
Thus electron irradiation has no detectable influ-
ence on copper atoms distribution. We could also
mentioned that taking into account the whole ana-
lysed volume, if copper clusters are formed under
this irradiation condition, their number density is
smaller than 4 · 1022 m�3.
3.2. Fe+ ion irradiation

The second kind of irradiation is iron ion irradi-
ations at four fluences. The first one corresponds to
only 17 s. The results obtained after 17 s of irradia-
tion are the following:

– No copper cluster is detected (Fig. 2).
– A binomial like distribution of copper atoms is

observed (v2 test = 0.88).
– The copper content of the matrix is close to the

nominal composition (0.10 ± 0.01 at.%).

Here again, this irradiation condition has no
detectable influence on the spatial distribution of
copper atoms. The total analysed volume in this
case is 15 000 nm3. So if copper clusters are formed,
there number density is less than 7 · 1022 m�3.

The examination of the second condition of irra-
diation with iron ions (corresponding to 100 s)
shows different results. A slight evolution of the
distribution of copper atoms is detected and the
copper concentration in the matrix is: 0.082 ±
0.005 at.%.

These observations are consistent with the pres-
ence of a number density equal to 8 · 1022 m�3 of
copper clusters as shown in Fig. 3. One of the clus-
ters depicted in Fig. 3 is a diffuse atmosphere con-
taining only six detected copper atoms (‘detected’
means that the number of copper atoms inside clus-
ters are not corrected, taking into account the detec-
tion efficiency of TAP, �50%). The second one is a
pure copper precipitate (96 ± 4 at.% of copper). Its
Fig. 2. Atom map of the copper atoms after iron ion irradiations
during 17 s. No copper cluster is observed. In this volume, the
distribution of copper atoms is binomial like.



Fig. 3. (a) Three-dimensional reconstruction of a small volume
analysed after 100 s of irradiation with iron ions. Only copper
atoms are represented. (b) A pure copper precipitate and (c) a
very small diffuse copper cluster are observed in this volume. On
the two zooms, copper atoms are grey circles and iron atoms are
black points. (110) planes in the ferritic matrix are visible. The
number of planes above the copper precipitate is higher than
below, showing that copper precipitate is on a edge dislocation
line (b = a/2 (110)).
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radius is close to 1 nm. As it can be observed in
Fig. 3(b) where (110) planes of the ferritic matrix
are also represented, this precipitate is located in
the core region of the edge component of an edge
dislocation line (b = a/2 h110i).

The third fluence corresponds to 840 s. After irra-
diation, the copper content of the matrix drops to
(0.055 ± 0.005) at.%. This lack of copper in the
matrix is due to the presence of a large amount of
small copper enriched clusters as shown in Fig. 4.

The number density of copper clusters is
1024 m�3. Their size is around 2 nm in diameter.
The mean value of detected copper atoms in these
clusters is 20. However, it varies from 5 for the
smallest up to 70 copper atoms for the biggest.
Fig. 4. Microstructure of the alloy after 840 s of iron ion irradiation. On
enriched clusters is observed.
Their copper content varies from 20 at.% up to
70 at.% with a mean value equal to (42 ± 2) at.%.
These clusters are not well-defined precipitates but
diffuse objects.

The last fluence is obtained after 2500 s. The
copper content in the matrix is then 0.045 ±
0.004 at.%. Here again a large number density
(5.5 · 1023 m�3) of copper enriched clusters is
detected. As observed in Fig. 5, these clusters are
very different from ones to the others. Indeed,
some clusters contain only few copper atoms (as
observed after 100 s irradiation) whereas some
others are large copper precipitates with a diameter
up to 4 nm. The mean value of detected copper
atoms in this population of clusters is 80. This
value varies from 5 for the smallest up to 540
copper atoms for the biggest. Their copper content
varies from 5 at.% up to 80 at.%. The mean con-
centration is (38 ± 3) at.%.

All the results obtained on iron ion irradiations
are summarised in Table 2. Concerning the matrix
composition, the copper concentration decreases
with fluence. The diminution of copper in the matrix
is faster during the first 840 s than during the
following 1660 s. Nucleation of copper clusters
occurs since 100 s of irradiation. Then, when the flu-
ence increases, their mean size (number of copper
atoms and radius) increases. Their number density
also increases, at least during the first 840 s. More-
over, even after 2500 s, there are still very small clus-
ters containing only few copper atoms (as observed
after 100 s). Thus, it seems that the clusters nucle-
ated at the beginning of the irradiation grow with
fluence and at the same time nucleation of new clus-
ters occurs continuously during all irradiation time.
However, the number density of copper clusters
is lower after 2500 s than after 840 s. Two phenom-
ena could explain this observation. First, consider-
ing the size of the volume analysed with TAP, the
difference between the number densities measured
after 840 and 2500 s could be too low to be statisti-
ly copper atoms are represented. A high number density of copper



Fig. 5. Zoom on different copper enriched clusters observed after iron ion irradiation during 2500 s. Circles are copper atoms and points
are iron atoms.

Table 2
Summary of the different results observed after iron ion irradiations

Matrix
at.% of Cu

Copper enriched clusters

Number density (m�3) Size (in Cu atoms) at.% of Cu

Fe 17s 0.10 ± 0.01 <7 · 1022 – –
Fe 100s 0.082 ± 0.005 4 · 1022 6 (6) –
Fe 840 s 0.055 ± 0.005 1 · 1024 22 (5–70) 42 ± 2 (20–70)
Fe 2500s 0.045 ± 0.004 5.5 · 1023 81 (5–540) 38 ± 3 (5–80)

Values concerning copper enriched clusters are mean values. Between parenthesis are given minimum and maximum values.
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cally significant. Second, it is possible that there is a
coarsening of the clusters.

3.3. He+ ion irradiation

After irradiation with helium ions during 2500 s,
the matrix contains only (0.046 ± 0.008) at.% of
copper. As it can be seen in Fig. 6, the microstruc-
ture obtained after helium ion irradiations is very
similar to those observed after iron ion irradiations
during 840 s.

Indeed, a high number density (8 · 1023 m�3) of
small copper enriched clusters is observed. These
clusters measure 1.2 nm in radius. They contain
around 30 detected copper atoms and their copper
level is equal to (25 ± 5) at.%.
Fig. 6. Atom map of the copper atoms after helium ion irradiation du
observed.
4. Modelling and discussion

Experimental results show that copper clustering
only occurs after ion (He+ and Fe+) irradiations, if
irradiation time is long enough (P100 s). In order
to interpret these results and determine the process
at the origin of copper clustering, the CDPVIC
model was used. It is described in the next section.
4.1. Cluster dynamic model

The so called Cluster Dynamics model used
here is an advance modelling based on rate theory
considering the evolution of point defect cluster dis-
tributions and precipitates under irradiation. The
system is considered as a gas of clusters, possibly
ring 2500 s. A high number density of copper enriched clusters is



Table 3
Parameters used in the model

Electron Ion

Grain size or thickness of the thin foil 1 mm 80 nm
Dislocation density 108 cm�2

Vacancy formation energy 1.6 eV
SIA formation energy 4.3 eV
Vacancy migration energy 1.3 eV
SIA migration energy 0.3 eV
Pre-exponential factor of vacancy diffusivity 1 cm2 s�1

Pre-exponential factor of SIA diffusivity 4 · 10�4 cm2 s�1

Recombination radius 6.5 A
Capture efficiency of vacancies by

dislocations
1.0

Capture efficiency of SIA by dislocations 1.2
Di-vacancy binding energy 0.2 eV
Di-interstitial binding energy 1.2 eV
Non-configurational entropy (DS/k) 0.056
Mixing energy (X/k) 5560 K�1

Pre-exponential factor of Cu diffusivity 0.627 cm2 s�1

Cu migration activation energy 2.288 eV

Excepted for grain size or thickness of the thin foil and solubility
limit of copper, parameters are the same than in Refs. [26,27].
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mobile up to a given size. The CD code used in our
calculations (CDPVIC) is fully described in [26]. It
combines the CDVIC code, which is described in
[27], and the CDP model that is presented in
[17,31]. The CDVIC code gives the evolution of the
population of point defects and point defect clusters
under irradiation. Point defect and point defect
clusters are produced at a certain rate depending
on the irradiation flux. Considering the complexity
of the mechanism concerning SIA clusters (three
possible different configurations), the absence of pre-
cise knowledge about the reaction between SIA
clusters and about the effect of impurity on SIA
clusters mobility, a simplified model is considered
in the code (only one type of interstitial clusters
and no mobility for interstitial clusters but for single
SIA). SIA’s and vacancies can interact with clusters
giving larger or smaller clusters. They can also disap-
pear on fixed sink as dislocations, grain boundaries
or surfaces. The CDP code considers the homoge-
neous precipitation of a dilute solute, here copper.
Merging the two allows to calculate enhanced homo-
geneous precipitation of copper under irradiation,
considering the effect of vacancy super-saturation.
Indeed, the copper diffusivity under irradiation,
D�Cu is assumed to be equal to

D�Cu ¼ Dth
Cu �

C�V
Cth

V

; ð1Þ

where Dth
Cu is the thermal diffusivity of copper atoms,

C�V is the vacancy concentration under irradiation
and Cth

V is the equilibrium vacancy concentration
at the temperature of irradiation. The parameters
introduced in the model are reported in Table 3.

Concerning the copper precipitation, the param-
eters are the solubility limit, Ceq and the thermal
copper diffusivity, Dth

Cu. The thermal copper diffusiv-
ity is given by

Dth
Cu ¼ D0 � exp � Q

k � T

� �
; ð2Þ

where Q is the activation energy, D0 the pre-expo-
nential factor, k the Boltzman constant and T the
temperature in Kelvin. The parameters used in our
calculations are the same than in Ref. [26] (see Table
3). The solubility limit is given by

Ceq ¼ exp
DS
k

� �
� exp � X

k � T

� �
; ð3Þ

where DS is a non-configurational entropy term and
X is the demixing energy. The values used in our
calculations (Table 3) are those given by Miloudi
[13] on the base of experimental results obtained
with a FeCu binary alloy annealed between 450
and 550 �C. It is worth noticing that copper solubil-
ity calculated with these values at 290 �C (Ceq = 5 ·
10�3 at.%) is closed to those given by [26] at the
same temperature (Ceq = 4 · 10�3 at.%).

Concerning point defects, the parameters are the
same than in [27]. They were determined on the base
of experimental results obtained on FeCu0.1 wt%
in situ electron irradiated in a high voltage electron
microscope.

Another important parameter is either the grain
size in the case of a bulk material or the ‘thickness’
of the tip. These values determine the sink strength
of grain boundaries in the first case and the sink
strength of surfaces in the second case. Concerning
electron irradiation, the samples are plate shaped,
with a thickness of 800 lm. In this case, we consider
bulk material with grain size equals to 1 mm. Dur-
ing ion irradiation, the already prepared atom probe
samples were irradiated. Considering the size of a
tip (40–100 nm in diameter) it is clear that the effect
of surface is preponderant compared to the effect of
grain boundaries on the elimination of mobile point
defects. However, only the strength of surfaces of a
thin foil can be taken into account in the model.
Monte Carlo calculations performed by Domain
[32] show that there is no significant difference
between the evolution of point defects created by
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displacement cascades with energy equal to 20 keV
in a tip (cylinder of 20 nm in diameter) or a thin foil
with the same thickness. So the tip was assimilated
to a thin foil in our calculations.

All the point defect clusters are assumed to be
immobile but single SIA’s and vacancies. This
choice is based on Ref. [33] where it is shown that
the microstructural changes of electron irradiated
model ferritic alloys can be fitted with more realistic
parameters assuming that the point defect clusters
are not mobile.

Finally, in order to use this model with a high
realistic description, the knowledge of point defects
and point defect clusters production rates is needed.

In the case of electron irradiations, the calcula-
tion of the primary damage is relatively simple.
Indeed, in this case there is no displacement cascade.
Only Frenkel pairs are created. The dose rate in
term of displacement per atom per second (dpa s�1)
is given by this expression: dpa s�1 = rd Æ Ue where
rd is the displacement cross section and /e is the
electron flux (9.4 · 1017 m�2 s�1 for this experi-
ment). Using the table of Oen [34], with an average
displacement threshold of 40 eV for iron [35], a dose
rate of 5.6 · 10�9 dpa s�1 and dose equals to
3 · 10�3 dpa are obtained.

As far as ion irradiation is concerned, the calcu-
lation of primary damage is more complex due to
the presence of displacement cascades. Indeed, the
production rate has to be estimated not only for
monomers but also for point defect clusters directly
created inside displacement cascades. Thus, we have
Fig. 7. Energy given by Fe+ incident ions during each collision wit
to estimate not only the number of dpa s�1 but also
the proportion of point defects in point defect clus-
ters. In order to do this, SRIM calculation [25] and
molecular dynamic results [36] were combined to
introduce a primary damage as realistic as possible
in the CDPVIC model.

First, SRIM calculations with Fe+ (150 keV) or
He+ (1 MeV) ions are performed. Among the differ-
ent results given by SRIM, the energy transmitted to
target atom by incident ion during each collision is
used. For each collision, the depth of the impact is
known. For example, the energy given by iron ions
during each collision with atoms versus depth is
reported in Fig. 7. These data set is cut in intervals
of energy and depth and the number of PKA in each
interval ðN E;p

PKAÞ is determined. Thus the number of
PKA per atom per second for each energy interval
and for each depth ðN E;p

PKA=s=atÞ is calculated with
this expression:

NE;p
PKA=s=at ¼ NE;p

PKA � U
N ion � N at � Dp

; ð4Þ

where / is the ion flux, Nion is the number of inci-
dent ions used during SRIM calculation, Dp is the
size of the interval of depth and Nat is the number
of target atoms contained in a volume of 1 m2 · Dp.

Thus, for each depth, the energy distribution of
PKA is known. As it can be seen in Fig. 7, PKA
with energy higher than 20 keV exist. Now, it is
shown by molecular dynamic that PKA with energy
higher than 20 keV, generate well separated sub-cas-
h Fe target atoms (SRIM calculation with 500 incident ions).



Table 4
Production rate of point defects in terms of displacement per
atom for electron and ion irradiations

dpa s�1 dpa

Electron 5.6 · 10�9 3 · 10�3

Fe+ ion 4 · 10�5 6.8 · 10�4! 0.1
He+ ion 1.2 · 10�5 3 · 10�2

During electron irradiations all the point defects are created in
the form of monomers. Fe+ irradiations create 50% of vacancies
and 70% of interstitials in the form of monomers. He+ irradia-
tions create more than 80% of the point defects in the form of
monomers.
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cades similar to single cascades that would be
obtained at lower energy [37].

In order to be as realistic as possible, for PKA
with energy higher than 20 keV, new SRIM calcula-
tions are performed. The previous procedure is then
applied to the SRIM results obtained for these
PKA. These PKA are then replaced in the original
distribution (for Fe+ ions of 150 keV or He+ ions
of 1 MeV) by their distribution obtained with
SRIM. Thus, for each depth, the energy distribution
of sub-cascades is known. In the case of iron ion
irradiations, this distribution strongly depends of
the depth whereas helium ion irradiations create
an homogeneous damage through the sample.
Fig. 8 represents such a distribution for both kinds
of ions. Concerning iron irradiations, it is the distri-
bution calculated at a depth corresponding to the
volume analysed in a TAP sample. It is worth notic-
ing that iron ions create 10 times more sub-cascades
with energy higher than 10 keV than helium ions.
Indeed, the number of sub-cascades with an energy
higher than 10 keV that occur in the material is
equal to 5 · 1022 m�3 s�1 during Fe+ irradiations,
and 4 · 1021 m�3 s�1 during He+ irradiations.

The primary damage due to displacement cas-
cades of these different energies is given by molecu-
lar dynamic. Using the molecular dynamic results
given in Ref. [36] and the sub-cascades distribution
calculated previously, it is possible to estimate the
primary damage. The dose rate (in dpa s�1) received
Fig. 8. Sub-cascade spectra calculated with the method described
in Section 2.1. The spectrum due to iron ion irradiations is in grey
and those due to helium ion irradiations is in white. Iron ions
produce 10 times more sub-cascades with ‘high’ energy
(P10 keV) than helium ions.
by the part of the sample which is analysed during
TAP experiments is equal to 4 · 10�5 dpa s�1 dur-
ing iron ion irradiations, and 10�5 dpa s�1 during
helium ion irradiations. These values are smaller
than those given by the NRT model. Irradiation
conditions in term of dpa introduced in the model
are reported in Table 4 both for electron and ion
irradiations.

During ion irradiations, only a part of these
production rates results in the formation of mono-
vacancies or mono-interstitials. The proportion of
monomers and point defects clusters created directly
is represented in Fig. 9. According to our calcula-
tion of the primary damage, only 50% of the vacan-
cies and 70% of the interstitials are created on the
form of monomers during Fe+ irradiations. During
He+ irradiations, more than 80% of the point
defects are created on the form of monomers. This
difference between the two kinds of ions is due to
the fact that iron ions produce more displacement
cascades than helium ions. The point defects that
are not free are inside clusters containing up to 29
vacancies or 12 interstitials. These results were used
as source terms in the model.
4.2. Discussion

Each hypothesis presented in the introduction is
now examined using the results obtained with calcu-
lation, in order to determine if it can explain the
formation of copper clusters observed after ion
(Fe+ and He+) irradiations and the absence of such
clusters after electron irradiation.
4.2.1. Effect of displacement cascades

In order to determine if the observed copper clus-
ters are formed inside DC, the number of DC with
energy higher than 10 keV produced in a volume



Fig. 9. Repartition of the point defects created each second during (a) iron and (b) helium ion irradiations between the different point
defect clusters. Vacancy clusters surviving at the end of displacement cascades are larger than interstitial clusters.
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analysed by TAP is compared with the number of
copper clusters observed in the same volume.

We are interested in the number of DC with
energy equal or higher than 10 keV because only
such cascades have a sufficient volume. Indeed, the
volume affected by a cascade between 10 and
20 keV is a sphere with a diameter equal to 3–
5 nm [36]. Tacking into account the level of copper
in the alloy (0.09 at.%), such spheres contain
between 10 and 30 copper atoms. The detection effi-
ciency of TAP is close to 50%. Thus, if copper clus-
tering occurs directly in DC, small copper clusters
(containing 5–15 detected copper atoms) can be
observed with TAP after ion irradiations. DC with
lower energy affect a too small volume to allow
gathering of enough copper atoms to be detected
by TAP (inside cascades with energy lower than
10 keV, less than 5 copper atoms can gather).

Using SRIM, it was shown that iron ion irradia-
tions produce 5 · 1022 m�3 s�1 DC (E P 10 keV).
After Fe+ irradiations during 17 and 100 s, the
whole volume investigated with TAP is 1.5 ·
10�23 m3 and 2.4 · 10�23 m3 respectively. Thus the
number of DC occurred in these volumes is equal
to 135. Now, no copper cluster was observed after
17 s and only two was detected after 100 s. Thus,
if DC are at the origin of copper clustering, this pro-
cess has a very low efficiency (less than 1 copper
cluster for 60 DC).

According to the calculations, He+ irradiations
produce 10 times less DC than iron ions (4 ·
1021 m�3 s�1). The whole volume analysed with
TAP after helium irradiation is 6000 nm3. In this
volume about 60 DC occurred during irradiation.
Tacking into account the efficiency of DC estimated
previously, at the most one copper cluster should
be detected in this volume, if copper clusters are
formed inside DC. Now five clusters were detected
by TAP in this volume. This observation suggests
that the observed copper clusters after helium ion
irradiations are not formed inside DC.

4.2.2. Homogeneous precipitation

Fig. 10 shows the evolution of the atomic frac-
tion of vacancies and SIA during helium and iron
ions irradiations. For both kinds of ions, the same
behaviour is observed. The concentration of free
point defects quickly reaches a maximum and starts
to decrease after only few seconds because the sam-
ples are very small and mobile point defects reach
the surface very quickly. During these ion irradia-
tions, a steady state is not reached. However,
excepted during the beginning of irradiation, the
evolution of free point defect concentration is low.
The concentrations of vacancies and SIA are close
to 10�7 and 10�12 respectively, during the major
part of irradiation for both kind of incident particles
(Fe+ and He+).

As it was said before, assuming a vacancy mech-
anism for copper diffusion, the copper diffusivity
can be written D�Cu ¼ Dth

Cu �
C�

V

Cth
V

. Taking into account
the vacancy concentration under irradiation calcu-
lated previously (�10�7) and the equilibrium vacan-
cies concentration at 300 �C (�3 · 10�14), the
copper diffusivity under irradiation is about 107

times more than the thermal diffusivity. Is such a
high diffusivity of copper atoms able to produce a
high number density of copper clusters by enhanced
homogeneous precipitation? The results given by
the model about homogeneous copper precipitation
indicate that some small (1–2 nm in diameter) cop-
per precipitates are formed during ion irradiation.



Fig. 10. Evolution of the atomic fraction of mono-vacancies and SIA during (a) iron ion and (b) helium ion irradiations, calculated with
the model. Black and dotted lines represent the evolutions of mono-vacancies and SIA, respectively.

Fig. 11. Evolution of the atomic fraction of mono vacancies and
SIA during electron irradiation.
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However, the estimated number density of precipi-
tate due to homogeneous enhanced precipitation is
extremely low (1.1 · 1016 m�3). Features with a so
low number density are not observable with atom
probe. Indeed a typical volume analysed with this
technique is 20 · 20 · 100 nm3. To have a chance
to observe one feature during an analyse, its number
density has to be higher than 1023 m�3. Moreover, a
so low number density of so small precipitates has
no influence about the calculated composition of
the matrix. So, no evolution of the matrix composi-
tion is expected at the end of the irradiation. Thus,
according to the model, there is no chance to
observe copper cluster formed by homogeneous
enhanced precipitation during ion irradiations with
TAP. So it can be concluded that the copper cluster
observed after ion irradiations are not formed by
this mechanism.

In order to get more information about homoge-
neous precipitation, it’s of interest to compare ion
and electron irradiations. The evolution of the con-
centration of free point defects during electron irra-
diation is reported in Fig. 11. SIA, which are the
fastest point defects, annihilate on sinks since the
first second of irradiation and their concentration
decreases. As long as vacancies have not reached
sinks, their concentration increases. After 7500 s,
vacancies also annihilate on sinks and a steady state
is established. Compared to the total irradiation
time (5 · 105 s), the steady state is quickly reached.
The atomic fraction of monomers is then 2 · 10�7

for vacancies and 5 · 10�13 for interstitials. It is
worth noticing that these concentrations are very
similar to those calculated for ion irradiations.
So copper diffusivity is practically the same dur-
ing both kinds of irradiations (ions and electrons).
Now, after electron irradiations, no copper cluster
was observed with TAP. Thus, this experiment
clearly shows that even with high super-saturation
of mobile point defects during long time, copper
homogeneous enhanced precipitation is not
observed at temperature close to 300 �C in low -cop-
per alloys (<0.1 at.%). This result agrees well with
those given by the model. Indeed, according to it,
under electron irradiations, copper enhanced homo-
geneous precipitation occurs but results in a very
low number density (5 · 1016 m�3) of big copper
precipitates (about 60 nm in diameter). Taking into
account their number density, there is no chance to
observe these precipitates with TAP and even with



Fig. 12. Distribution of point defect clusters at the end of
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TEM as well. Moreover, the copper content of the
matrix at the end of irradiation calculated with the
model is equal to 0.075 at.%. This value is very close
to the measured concentration in the irradiated
material.

Finally, the comparison between electron and ion
irradiations indicate that homogeneous enhanced
precipitation of copper is not able to explain the
high number density of copper clusters observed
after irradiations with iron or helium ions. More-
over, the model indicates that in our conditions of
irradiation, homogeneous precipitation of copper
produce only a extremely low number density of
clusters. Thus another mechanism should be
involved to describe copper clustering during ion
irradiations.
electron irradiation. Number density of vacancy (solid line) and
SIA (dotted line) clusters is represented as a function of cluster
size.
4.2.3. Heterogeneous precipitation
Since DC and homogeneous enhanced precipita-

tion seems to be not able to explain the formation of
the high number density of copper clusters observed
after ion irradiations, a third process is now exam-
ined: heterogeneous precipitation on point defect
clusters. In order to determine if this process can
play a role in copper clustering under irradiation,
another result given by the model is used: the num-
ber density of point defect clusters as a function of
their size at the end of the different kinds of irradi-
ations (Figs. 12 and 13).

The size distribution of vacancies and interstitials
clusters at the end of electron irradiations
(�5 · 105 s) estimated with the model is reported
Fig. 13. Distribution of point defect clusters (a) after 840 s of iron ion ir
of vacancy (solid line) and SIA (dotted line) clusters is represented as a
in Fig. 12. The binding energy of interstitials is
higher than those of vacancies (see Table 3) so the
number density of interstitial clusters (dislocation
loops) is higher than those of vacancy clusters
(nano-void). It is maximal for loops containing
about 600 interstitials (�7 nm in diameter). How-
ever, the main point is that the number density of
both kinds of point defect clusters is still very
low at the end of electron irradiations. Indeed, the
number density of point defect clusters containing
more than 10 monomers is equal to 4 · 1018 m�3

for interstitial clusters and 2 · 1013 m�3 for vacancy
radiation and (b) 2500 s of helium ion irradiation. Number density
function of cluster size.
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clusters. Taking into account the typical size of a
volume analysed with TAP (20 · 20 · 100 nm3), it
appears clearly that if copper clusters are formed
by heterogeneous precipitation on point defect clus-
ters during electron irradiations, there is no chance
to detect them with this technique.

Concerning ion irradiations, the results given by
the model are dramatically different. The differences
appear in Fig. 13. It represents the size distribution
of point defect clusters after 840 s of Fe+ irradia-
tions and 2500 s of He+ irradiations (that is to say
the same fluence for both kind of ions in term of
dpa: 0.03 dpa). Whereas electron irradiation results
in the formation of a very low density of point
defect clusters, ion irradiations create a very high
number density of such clusters. After helium ion
irradiations during 2500 s the material contains
1.2 · 1025 m�3 interstitial loops and 1.4 · 1025 m�3

nano-voids. The calculated number density of point
defect clusters at the end of the different irradiations
with iron ions (17–2500 s) varies from 7 · 1023 to
9 · 1025 m�3 for interstitial clusters and from
8.7 · 1023 to 1026 m�3 for vacancy clusters. The dif-
ference between electron and ion irradiations is due
to the creation mode of point defects. In the case of
ion irradiations, lot of small point defect clusters are
nucleated inside displacement cascades.

Another difference between electron and ion irra-
diation is the size of the point defect clusters.
Whereas these clusters contain hundreds SIA or
vacancies after electron irradiation, they are smaller
in the case of ion irradiation. Indeed, as it can be
observed in Fig. 13, vacancy and interstitial clusters
contain less than 50 monomers, a value correspond-
ing to a size smaller than 2 and 1 nm for interstitial
and vacancy cluster respectively. Considering the
time of irradiation, in the case of ions (2500 s at
maximum), the point defect clusters have not
enough time to grow.

The comparison between experimental results
(copper clusters) and calculations (point defect
clusters) after ion irradiations shows that the
material contains always more point defect clus-
ters than copper clusters. Thus there is always
enough point defect clusters in order that each
copper cluster is located on a point defect cluster.
Taking into account this observation and the
previous conclusions about the effects of DC and
homogeneous precipitation, it appears that hetero-
geneous precipitation of copper on small point
defect clusters is the only way to explain the for-
mation of copper clusters observed after ion
irradiations. This mechanism also explain why
no copper cluster was detected after electron irra-
diations (in this case the number density of point
defect clusters is too low to induce any detectable
copper precipitation on interstitial or vacancy
clusters with TAP).

5. Conclusion

To determine what are be basic processes at the
origin of the formation of copper enriched clusters
in low copper ferritic alloys irradiated at tempera-
ture close to 300 �C, specific irradiations with elec-
trons or ions on FeCu0.1 wt% binary alloy were
performed. A cluster dynamic model giving an esti-
mation of the evolution of the population of point
defects and predicting homogeneous enhanced
precipitation of copper was used to interpret the
experimental results obtained with TAP. The major
results are the following:

(1) Iron ion irradiations during short time (17 and
100 s) compared with helium ion irradiations
suggest that the nucleation of copper clusters
does not occur inside displacement cascades.

(2) Electron irradiation show that, even with a
very high super-saturation of mono-vacancies
(�107 times more than equilibrium concentra-
tion), homogeneous enhanced precipitation of
copper does not occur in a significant way in
low copper alloy at 300 �C. This observation
is in good agreement with the model that
predicts a very low number density of copper
precipitates in this case. The fact that copper
homogeneous precipitation is certainly not at
the origin of the formation of the copper
enriched clusters observed after ion irradiation
is also supported by the model.

(3) The comparison between electron and ion
irradiations reveals the major role of point
defects clusters in the nucleation of copper
clusters. Indeed, with the same estimated diffu-
sivity of copper atoms, the formation of
copper clusters occurs only when the model
predicts a high number density of point defect
clusters. Thus it appears that under ion irradi-
ations at 300 �C in low copper content alloy,
the copper clusters are very likely formed by
heterogeneous precipitation on PD clusters.
DC play an important role in this process
because they are at the origin of the formation
of point defects clusters.
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(4) Finally, Fe+ irradiations at four different times
have shown that when fluence increases, there
is a growth of copper clusters and maybe a
phenomenon of coarsening.
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