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ABSTRACT

This paper presents an atom probe tomography study of phase transformation and solute segregation in
Fe—Cr alloys of low purity under self-ion irradiation. Fe-9%Cr and Fe-12%Cr were irradiated at 100 °C,
300 °C and 420 °C at a dose of 0.5 dpa. Homogeneously distributed clusters enriched in Cr, P, Si and Ni
are shown to form at 300 °C and 420 °C but not at 100 °C. Study of the evolution of the segregation inten-
sities of Cr, Si and P in the clusters with temperature under ion irradiation indicates that they form by a
radiation induced mechanism. No o clusters were observed whatever the irradiation temperature
whereas they were observed in the same alloys after neutron irradiation at 300 °C at 0.6 dpa. Comparison
of the solute cluster composition after ion irradiation and neutron irradiation, suggests that P atoms
could play an important role in the appearance of the solute clusters by stabilizing point defect clusters
that could later be enriched in Ni, Si and Cr.

1. Introduction

Ferritic-martensitic (F-M) steels with a high chromium content
(7-12%) are promising candidates as structural materials in Gen-1V
reactors (for fuel assemblies, core support/internals. ..) because of
their low ductile-brittle transition temperature (DBTT) shift, low
swelling and reduced creep rate [1,2] under 600 °C. The under-
standing of the role of the different alloying elements and impuri-
ties on the evolution of the microstructure of F-M steels under
working conditions is a key point in order to be able to predict their
behaviour after long term ageing and irradiation. Investigation of
irradiated F-M steels showed the formation of phases that are sus-
ceptible to alter the mechanical properties of the steels. These
phases are o phase [3-5], G-phase [2,5,6], x phase [4,5], MgC
[3,6], o phase [2,6,7] and lave phases [2]. Recent investigation at
the atomic scale performed by Jiao et al. [8,9] revealed also the
formation of other second phase particles as Ni/Si/Mn-rich precip-
itates, Cu-rich precipitates and Cr-rich precipitates.

Because the microstructure evolution under irradiation of the
steels is very complex and because it is important to understand
the role of the different elements and the possible synergies, stud-
ies focussed on the evolution of the microstructure of some Fe-Cr
model alloys with different Cr contents (2.5%, 5%, 9% and 12%) and
with P, Si and Ni at impurity levels were performed in the frame-
work of the European project GETMAT [10]. The investigation of

E-mail address: cristelle.pareige@univ-rouen.fr (C. Pareige).

the four model alloys of low purity after neutron irradiation with
Atom Probe Tomography (APT) and Small Angle Neutron Scattering
(SANS) [11,12] confirmed the radiation enhanced nature of the o’
precipitation [3]. The recent work of Bachhav et al. [13] also agrees
on that. APT investigations also highlighted that, under neutron
irradiation at 300 °C at 0.6 dpa, Si, P and Ni that are at impurity lev-
els participate to the formation of solute clusters enriched in Cr, Si,
P and Ni [11,14]. The very low nominal levels of Ni, P and Si in the
alloys totally exclude any thermodynamic driving force for precip-
itation process. From results in [11,14], it was concluded that the
Cr/Si/P/Ni clusters have a radiation induced origin. The Cr/Si/P/Ni
clusters are possibly related to the precipitates observed in irradi-
ated steels. It is also worth noting that Ni and Si are also involved in
the formation of radiation induced nano clusters in the bainitic
matrix of pressure vessel steels (in association to copper and
manganese [15-17]).

In order to confirm the radiation induced nature of the Cr/Si/P/
Ni clusters, investigation of temperature dependant irradiations
were undertaken. It was performed through self-ion irradiations
undertaken at 100 °C, 300 °C and 420 °C at 0.5dpa on the Fe-
9%Cr and Fe-12%Cr alloys as described in the first part of the paper.
Based on APT characterization of the clusters formed, we conclude,
in the second part of the paper, on the induced nature of the solute
clusters. In the last part, the microstructure after ion irradiation is
compared to the one observed after neutron irradiation [11,14].
The differences and commonalities between the microstructures
observed in the two cases are discussed.
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2. Materials and technique
2.1. Materials

Fe-9%Cr and Fe-12%Cr model alloys were fabricated at the
University of Ghent (Belgium) by furnace melting of industrial purity
Fe and Cr [18,19]. They were delivered by SCK-CEN, Mol, Belgium
in the framework of the European GETMAT project [20]. After
casting, the ingots were cold worked under protective atmosphere
to produce 9 mm thick plates. Alloys were then heat treated at
1050 °C for 3 h in high vacuum for austenization and stabilization.
Thereafter, tempering was performed at 730 °C for 4 h, followed by
air cooling. The chemical composition of the model alloys mea-
sured using induced coupled plasma mass spectrometry [18,19]
and APT are reported in Table 1. All the compositions reported in
this work are quoted in atomic percent. Note that APT investigations
of the pre-irradiated alloys did not reveal any intra-granular
segregation or precipitation before irradiation [11,14].

2.2. Irradiation conditions

Massive samples (10 x 10 x 1 mm?) were firstly mirror pol-
ished mechanically and then electro-chemically polished in a solu-
tion of 2% of perchloric acid and 98% of ethylene glycol monobutyl
(T=0-20°C, V~75V) in order to remove plastic deformation
introduced during mechanical polishing. They were irradiated with
Fe* ions of 0.5 MeV, 2 MeV and 5 MeV in the lon Beam Center in
HZDR through the SPIRIT Transnational Access Platform. The use
of these three energies enabled to obtain a quasi-constant damage
up to 1.5 pm as calculated with SRIM (Stopping and Range of lons
in Matter) [21,22]. A displacement threshold of 40 eV [23] was
used for the calculations. The ion flux was 2 x 10'> ions/m?/s and
the calculated dose using the “Quick” Kinchin and Pease option
as recommended by Stoller et al. [24] is 0.5 dpa. The Fe-9%Cr
was irradiated at 100 °C, 300 °C and 420 °C. The Fe-12%Cr alloy
was irradiated at 300 °C.

The results obtained in self-irradiated alloys will be compared
to those obtained in the same alloys after neutron irradiation in
the BR2 reactor. Irradiation were performed in the framework of
the MIRE-Cr irradiation program at 300 °C with a neutron flux of
9 x 103 n/(cm?s) (E > 1 MeV) at 0.6 NRT dpa [25]. Information on
irradiation conditions, mechanical properties and TEM character-
ization can be found in Ref. [18,19]. Characterization of irradiation
damage and microstructural evolution of these alloys are already
published elsewhere: SANS [12,26,27], Positron Annihilation Spec-
troscopy (PAS) [28], nano-indentation [29] and APT [11,14,30,31].

2.3. Atom probe technique

The samples were studied by means of an Energy Compensated
Wide-Angle Tomographic Atom Probe (ECOWATAP). This instru-
ment is equipped with an advanced delay line position-sensitive
detector (aDLD) which minimizes the loss of information due to
impact superposition or multi-event detection [32]. The detector

efficiency is 50%. The energy compensated lens provides to
ECoWATAP a high mass resolution and improves the accuracy of
composition measurements [33,34].

During experiments, the specimens were cooled down to a
temperature of 45-50 K in order to mitigate the preferential field
evaporation process of chromium atoms. The specimens were elec-
trically pulsed with a pulse fraction of 20% and a pulse rate equal to
30 kHz. The basic principle of APT technique may be found in dif-
ferent books or reviews [34-36].

APT samples were lifted out using a dual FIB-SEM (Zeiss NVI-
SION 40) at a depth of about 500-700 nm from the surface of the
samples in order to analyze an irradiated zone that is not affected
by surface effects. This roughly corresponds to the position of the
peak damage of the 2MeV Fe" ions. The final milling was
performed with a Ga beam energy of 2 kV in order to avoid implan-
tation of Ga ions in the material.

As APT measurements are very local and as studied alloys exhi-
bit a martensitic structure with a non-homogeneous distribution of
defect sinks, 3-6 different APT samples were investigated for each
ageing condition. No significant disparities in the results (in terms
of number density, size, composition of features) have been
observed.

3D reconstructions and data processing were performed using
the 3D Data Software for Atom Probe users developed by the group
of research GPM in Rouen (see authors affiliation). As far as the
measurement of the size and the number density of clusters are
concerned, a data filter in composition was used. The filter, called
“Iso position”, enables to distinguish the particles from the sur-
rounding matrix owing to their composition [37]. It runs in two
steps. In the first step, the goal is to identify the atoms which
belong to clusters. To do so, the analyzed volume is laid out in a
grid pattern of cubes. The concentration of the selected chemical
specie A is measured in each cube. Afterwards, a value of the con-
centration of A is attributed to each atom of the cube. This value is
obtained by linear interpolation between the value of the concen-
tration of A in the cube and in its neighbor cubes. If the concentra-
tion of A is higher than the chosen threshold, the atom is
considered as belonging to a cluster; else it is associated to the
matrix. In the second step, only the atoms belonging to clusters
are taken into account. The goal, at this stage, is to distinguish all
the clusters from the others. To achieve this goal, a separation dis-
tance d is chosen. All atoms labeled “clusters” situated closer than
d to each other pertain to the same cluster. Finally, only clusters
containing more than Ny, atoms are considered as clusters. In this
study, we chose cubes of 1.5nm size for the grid pattern,
d=0.2nm and N, = 130 atoms. The choice of these parameters
enables to select all the Cr/Si/P/Ni clusters visible in the analyzed
volume and to distinguish them from the concentration fluctua-
tions in the matrix.

We have shown in previous works [11,14,30,31] that two fam-
ilies of clusters and particles can be observed after neutron irradi-
ation in these alloys: o particles and NiSiPCr-enriched clusters.
But, as it will be seen below, only NiSiPCr-enriched clusters were
observed after ion irradiation. Consequently, only a concentration

Table 1
Nominal chemical composition (at.%) of model alloys as measured by ICP-MS (from [18,19]) and APT.
Alloy Technique Fe Cr Si P Ni Mn \Y C N 0] S Al Ti
Fe-9%Cr ICP-MS Bal. 893 0.18 0.02 0.07 0.03 0.002  0.09 0.06 023 0001 0014 0.004
APT Bal 9.16+0.04 0.065+0.003 0.013+0.001 0.057+0.003 N.M. N.M. N.M. NM. NM. NM N.M. N.M.
Fe-12%Cr  ICP-MS Bal. 1233 0.22 0.09 0.085 0.03 0.002 0129 009 022 0012 0.006 0.004
APT Bal 11.2+0.04 0.18%0.01 0.025 +0.002  0.07 £0.01 N.M. N.M. N.M. NM. NM. NM N.M. N.M.

" N.M. not measurable.
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threshold on impurity concentration was used for data treatment
of ion irradiated samples: (Xs;+ Xy; + Xp) > 1.2 at.%. Values used
for the data treatment of neutron irradiated samples are given in
[11,14,30,31].

Radius of the clusters are given by the Guinier Radius i.e.

R = /3R, where R; is the radius of gyration. Radius of gyration is
calculated from the position of the impurity atoms only (Ni, Si
and P).

Concerning the composition of the clusters, the values were
averaged over all the measurements performed in the core of each
cluster (between 30 and 85 clusters) i.e. the values do not depend
on the threshold value. The uncertainty on the composition is
given by two standard deviation [34-36] (20 =2 x (C(1 — C)/N)*
where C is the atomic concentration and N the number of collected
atoms).

3. Results and discussion
3.1. Microstructure after ion irradiation

Fig. 1 presents the 3D distributions of Si and P atoms in the
Fe-9%Cr irradiated at 100 °C, 300 °C and 420 °C at 0.5 dpa. Fig. 2a
presents the 3D distributions of the same species in the Fe-
12%Cr irradiated at 300 °C at the same dose.

3.1.1. Irradiation at 300 °C of the Fe-9%Cr and Fe-12%Cr alloys
Clusters enriched by Si and P are visible in the two alloys but no
o clusters. The clusters are homogeneously distributed. The num-
ber density and radius of the clusters are given in Table 2. They are
similar in the two alloys. In addition to P and Si, these clusters are
also enriched in Ni and Cr. Table 3 gives the solute enrichment of
the species in the clusters - AC; = C; — C;"“‘”" - where C; is the mea-
sured core concentration of the specie i. According to these data,
clusters present the same Si and Ni enrichment. For Cr and P, the
situation is less clear. A slightly lower Cr enrichment is observed
in the Fe-12%Cr. A slightly higher P enrichment is measured in
the Fe-12%Cr which presents a higher nominal level in P. But
because of the large uncertainties (see Table 3), it is not possible
to be sure that these differences are significant. So, as Cr and P

enrichment variations with the alloy composition cannot be firmly
established, we will consider that there is no dependence of solute
and impurity enrichments of the clusters on the composition of the
alloys.

3.1.2. Irradiation of the Fe-9%Cr at 100 °C, 300 °C and 420 °C

The Fe-9%Cr was also irradiated at 100 °C and 420 °C (Fig. 1).
There are no clusters in the analyzed volume after ion irradiation
at 100 °C. At 420 °C, solute-enriched clusters are observed. Fig. 1
also displays segregation of Si and P atoms at dislocation lines.
Composition measurements along the dislocation lines reveal also
Cr enrichment. There is still no o precipitates.

The composition of the clusters, their size and number density
are provided in Fig. 3 and in Table 2. At 420 °C, clusters are bigger
than they are at 300 °C with a lower number density. Their solute
content is higher at 420 °C than at 300 °C. The total solute enrich-
ment reaches 15.7 at.% at 420 °C versus 10.6 at.% at 300 °C. The
increase in solute concentration is mainly related to the increase
in P and Cr content (Fig 3).

Evolution of the element enrichment with temperature is
presented for Cr, Si and P in Fig. 4. For P and Cr, the intensity of seg-
regation increases when temperature increases. For Si, a decrease
is observed after 300 °C. The trend has to be confirmed by comple-
mentary investigations made at higher temperature.

The segregation behavior of the different elements is fully
coherent with the left part of the bell-shaped temperature depen-
dence expected for radiation induced segregation (RIS). At 100 °C,
the low mobility of the point defects and their high creation rate
involves the increase in recombination rate of point defects and
in formation of defects clusters when defects of the same nature
met. The latter was confirmed by positron annihilation spectros-
copy (PAS) [38,39] undertaken on the same alloys. Doppler broad-
ening PAS revealed the presence of vacancy clusters at 100 °C that
were not observed at higher temperature. Consequently, because
fewer point defects participate to diffusion of elements and
because to their very low thermal mobility, there is no diffusion
towards the sinks and thus no RIS is observed. When temperature
increases, diffusion of impurities and of solute atoms is more effi-
cient because of the higher mobility of point defects and the lower
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Fig. 1. APT reconstructions of the Fe-9%Cr alloy after ion irradiation at (a) 100 °C, (b) 300 °C and (c) 420 °C. The dose is equal to 0.5 dpa. Blue dots represent Si atoms, green
ones, P atoms. Segregation of Si and P evidences the presence of a dislocation line in (c). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 2. APT reconstructions of the Fe-12%Cr alloy after (a) ion irradiation at 0.5 dpa and (b) neutron irradiation at 0.6 dpa. Irradiations were performed at 300 °C. Si atoms are
in blue, P ones are in green. Red particles correspond to Cr-enriched clusters (X, > 28%). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Table 2
Number density (ND) and size of solute - clusters observed in Fe-9%Cr and Fe-12%Cr at different temperatures after high energy ion irradiation and neutron irradiation at 300 °C
[11,14].

Fe-9at.%Cr Fe-12at.%Cr

300 °C 420°C 300 °C

Ion irradiation 0.5 dpa  Neutron irradiation 0.6 dpa [11,14]

Ion irradiation 0.5 dpa

Ion irradiation 0.5 dpa  Neutron irradiation 0.6 dpa [11,14]

ND (10%* m~3)
Radius (nm)

2.8+0.6
1.5+0.3

24+05
1.65£0.2

0.52 +0.06
1.9+0.2

3.3+0.6
1.3+03

1.1+£0.7
1.6+0.2

Table 3

Solute enrichment (AC; = C; — C;’“’m") in at.% measured in solute clusters in Fe-9%Cr
and Fe-12%Cr after ion and neutron irradiation at 300°C at 0.5 and 0.6 dpa
respectively. C; is the mean core composition of the clusters.

Alloy Fe Cr Si P Ni

Ions

Fe-9%Cr Bal. 58+1.6 .0£0.7 2406 04+04
Fe-12%Cr Bal. 27+13 13104 3.5+0.7 0.3+0.2
Neutrons [11,14]

Fe-9%Cr Bal. 6.7+1.3 6.6+0 22+0.5 04
Fe-12%Cr Bal. 16.0+2.4 78+15 33%1.0 0.6

recombination rate. RIS intensity increases, as we observed after
irradiation at 300 and 420 °C. At even higher temperature, the high
mobility of point defects induces back-diffusion and then a
decrease of the RIS intensity. This part of the bell-curve has not
been observed in this work but has been recently evidenced by
Wharry and Was [40,41] in F-M steels by measuring enrichment
at grain boundaries after proton irradiation. They explored the
temperature dependence from 300 °C to 700 °C for a dose rate of
1.2 x 107> dpa/s. They observed a maximum of the RIS intensity
at about 400-450 °C for Ni, Si and Cr. The position of the maximum
is dependent on the dose rate. A shift towards higher temperature
is expected for higher dose rate. So it is not possible to directly
compare our results to those of Wharry and Was. Nevertheless,

12.7t 1.6 16.8%0.9

Concentration (at.%)

420°C

Fig. 3. Composition of the solute clusters (at.%) in Fe-9Cr irradiated at 300 °C and
420°C up to 0.5dpa (only solute and impurity concentration are given, Fe
concentration is given by the balance).

our results are consistent with their observations for Cr. For Si,
the maximum seems to appear at lower temperature in our case
but the trend has to be confirmed. For P, it is not possible to com-
pare as there are no data about this specie in [40,41].
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Fig. 4. Evolution of Cr, Si and P enrichment in solute clusters with temperature in
Fe-9%Cr irradiated to 0.5 dpa with Fe" ions.

To summarize, the RIS behavior we report confirm the radiation
induced origin of the Cr/Si/P/Ni clusters that was assessed in
[11,14]. These features are therefore either associated to small
point defects clusters and/or to concentration fluctuations acting
as traps for interstitials. Indeed, P, Cr and Si are known to have a
strong binding with self-interstitials [42-46].

It is not possible to conclude on this point and to distinguish the
two processes. However, the results evidence a homogeneous dis-
tribution of the point defect sinks at the origin of the formation of
the clusters and a positive flux coupling between point defects and
solutes (P, Ni, Si and Cr) under the irradiation conditions used here.
This is consistent with the RIS behavior observed at dislocation
loops in the literature. For example, Jiao et al. [47] observed Si
and Ni enrichment in proton irradiated HCM12A and T91. They
also observed Cr enrichment at dislocation loops in T91 [47]. Kuk-
senko et al. [48] measured Cr enrichments at large dislocation
loops in F82H irradiated with high energy protons and spallation
neutrons. Nevertheless, as for Cr behavior at grain boundaries,
some contrary results are observed at dislocation loops. Indeed,
Jiao et al. [47] reported Cr depletion at dislocation loops in proton
HCM12A steel irradiated under the same condition than the T91
which show Cr enrichments.

The results are also consistent with the expected diffusion
behavior of the different species. Indeed, a positive coupling
between P, Si and Ni and points defect fluxes are forecasted. P, Si
and Ni are expected to be vacancy-dragged [43,49-52] and P and
Ni also diffuse via interstitial mechanism [42,43,45,46,53-56].
Regarding Cr atoms, calculations [41,57] predicted that Cr diffusion
is dependent on the relative magnitude of the vacancy and the
interstitial diffusion coefficients. Indeed, these two mechanisms
leads to opposite trends: enrichment in case of interstitial diffusion
and depletion for vacancy diffusion. Under this hypothesis, in the
irradiation conditions used here, contribution of Cr interstitial dif-
fusion appears to be the predominant diffusion mechanism.

3.2. Comparison with neutron irradiation

These alloys were also neutron irradiated at 300 °C to 0.6 dpa. o
precipitation was shown to be radiation enhanced [11,12]. Full APT
characterization is available in [11,14,30,31].

Fig. 2b displays a 3D reconstruction of the Fe-12%Cr after neu-
tron irradiation. A direct comparison is then possible between ion

and neutron irradiations by comparing Fig. 2a and b which present
the chemical distributions observed after ion and neutron irradia-
tion of the Fe-12%Cr at the same temperature and at a similar dose.
A striking difference between the two microstructures is that a
very high number density (2 x 10>*m~3 [11,14]) of o’ clusters
were formed after neutron irradiation. This difference must origi-
nate in the dose rate difference: 1.3 x 107 dpa/s for neutron irra-
diation and 2.2 x 10~*dpa/s for ions (3 orders of magnitude
higher). Because of this difference in dose rate, samples were ion
irradiated during a time about 3 orders of magnitude shorter than
samples neutron irradiated at the same dose: 1 h 15 of effective
irradiation time (in total 2 h 30 of holding at the irradiation tem-
perature) for ions versus about 55 days for neutrons. Regarding
the latter information and the results, this means that, during 2 h
30 of ion irradiation, Cr atoms have not enough time to form the
o particles that are formed during the 55 days of neutron irradia-
tion at 300 °C.

Contrary to o particles, the solute clusters are present in both
cases. Similar clusters were also observed in F82H irradiated at
345 °C with high energy proton and spallation neutrons [48].
Within uncertainties, the number density and radius measured
after ion irradiation at 300 °C are similar to the values obtained
after neutron irradiation even if one could note a slightly lower
radius after ion irradiation (Table 2). The solute enrichments are
given in Table 3. After neutron irradiation, the total enrichment
is higher than after ion irradiation at the same temperature. The
Cr enrichment is similar after neutron and ion irradiation for the
Fe-9%Cr but one observes a substantial increase for the Fe-12%Cr
under neutron irradiation. This reveals a strong dependence with
the Cr bulk composition of Cr RIS under neutron irradiation as
already pointed out in a previous work [11]. The fact that this
dependence was not observed under ion irradiation is probably
also a manifestation of the flux effect.

Ni and Si segregation intensity also appear to be dose rate
dependent. Under neutron (low dose rate) the enrichment is much
higher than under ion irradiation (high dose rate). Regarding P
enrichment, results suggest that there is no dose rate dependence
for this impurity as a similar concentration is reported under ion
and neutron irradiation. However, this could be due the bell-
shaped evolution of RIS with temperature and the shift of the curve
towards lower temperatures for lower dose rate (neutron irradia-
tion). In that case, RIS intensity of P measured under neutron irra-
diation would belong to the downward part of the bell-shaped
curve whereas it is situated in the upward part under ion irradia-
tion (see part 3.1). Of course, it is not possible to conclude here
as these comparisons are made only between two dose rates and
at one temperature.

Another point that is relevant to focus on is that solute clusters
are richer in P than in Si after ion irradiation whereas it is the
inverse after neutron irradiation. Considering the irradiation time
difference between the two irradiation kinds, this would suggest
that P enriched first the solute clusters. This is coherent with
diffusion data (migration energy of P mixed-dumbbells is the
lowest one [42,56-58]) and with the strong affinity of P with
self-interstitials. Indeed, experimental results of Hardouin-Duparc
[59] highlighted the link between P and the increase in the number
density of dislocation loops in electron irradiated Fe-P. Also, ab ini-
tio calculations [42,43] evidenced the formation of very stable and
immobile complexes between P atoms and interstitials. According
to these calculations, the complexes could be stable nuclei of dislo-
cation loops. It is also relevant to note that Cr and Si also trap the
interstitials [55] and could also participate to the stabilization of
point defects clusters. But as the diffusion coefficient of these spe-
cies is much lower than the P’s one, it appears reasonable to con-
sider that P atoms first stabilize point defect clusters and then
followed by Ni, Si and Cr enrichments.
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4. Conclusion

In this paper, we presented the atomic scale investigation of the
microstructure of two Fe-Cr alloys (Fe-9%Cr and Fe-12%Cr of low
purity) that were irradiated with Fe® ions at 100 °C, 300 °C and
420 °C at 0.5 dpa. Results were compared to data obtained in the
same alloys neutron irradiated at 300 °C up to 0.6 dpa [11].

Irradiation of these alloys of low purity induces formation of
two families of clusters: solute clusters enriched in Cr, P, Si and
Ni and o/ particles. However, no o precipitates were formed under
the ion irradiation conditions used in this work whereas they
appeared under neutron irradiation. Even if o precipitation is
enhanced, the irradiation time was too short or the dose rate was
too high to enable o particles to appear under the ion irradiation.
As under neutron irradiation, after ion irradiation there is forma-
tion of Cr/Si/P/Ni clusters that are homogeneously distributed for
temperature higher than 300 °C. These clusters are shown to be
radiation induced segregations that are associated to homoge-
neously distributed point defect sinks. Comparison of the cluster
composition after ion irradiation and neutron irradiation, suggests
that P atoms could play an important role in the appearance of the
solute clusters by stabilizing point defect clusters that could later
be enriched in Ni, Si and Cr.
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