Solute rich cluster formation and Cr precipitation in irradiated Fe-Cr-(Ni,Si,P)
alloys: lon versus neutron irradiation

C. Pareige®” A. Etienne?, P-M. Gueye?, A. MedvedeVv?, C. Kaden® M.J. Konstantinovic®, L. Malerba®

2 Normandie Univ, UNIROUEN, INSA Rouen, CNRS, Groupe de Physique des Matériaux, 76000 Rouen, France
b Institute of Resource Ecology, Helmholtz-Zentrum Dresden - Rossendorf, Dresden, 01328, Germany

< Studiecentrum voor Kernenergie / Centre d'Etude de I'Energie Nucléaire (SCKCEN), Mol (Belgium)

d Centro de Investigaciones Energéticas, Medioambientales y Tecnoldgicas (CIEMAT), Madrid, Spain

Abstract

lon irradiation is a powerful and affordable tool to rapidly test a wide range of irradiation conditions
and make the link with the corresponding microstructural evolution. However, several issues of
transferability of results from ion to neutron irradiation have been evidenced. This paper presents an
atom probe investigation of the microstructural evolution of FeCr-NiSiP alloys with different contents
of Cr and minor solutes under both ion and neutron irradiation at 300 °C. Minor solutes and Cr are
known to form solute rich clusters (SRCs) and o' clusters in ferritic and martensitic FeCr alloys, which
are one of the causes of hardening. The objective of this work is to highlight the differences and the
commonalities between ion and neutron irradiations in these alloys. The use of two ion beam energies
(8 MeV and 5 MeV) revealed that this parameter has an impact on the formation of SRCs. The SRCs
present similar characteristics after 8 MeV Fe ion irradiation and neutron irradiation, despite the
different dose rate, when Ni, Si and P are present. It is not the case for 5 MeV Fe ions, for which the
SRCs were less developed. Influence of the concentration of minor elements has been evidenced, as
well. The presence of Ni, Si and P has been shown to impact both the number density and the size of
SRCs in Fe9Cr-NiSiP alloys and the onset of o' formation.

1. Introduction

The development and qualification of high-chromium ferritic-martensitic (F-M) steels for GEN IV or
fusion applications require a profound understanding of the mechanisms of neutron damage. lon
irradiation is a powerful and affordable tool to rapidly test a wide range of irradiation conditions and
make the link with the corresponding microstructural evolution. However, several issues of
transferability of results from ion to neutron irradiation have been evidenced [1-8]. Their origin is
connected with the charged nature of ions and the possibilities offered by ion irradiation devices. The
dose rate is lower in neutron (<107 dpa/s) as compared to ion (> 10° dpa/s) irradiation, in addition
ions only penetrate a thin layer of material and produce non-uniform damage within the affected
thickness [4,5,7,9]. Besides, self-ion irradiation introduces additional atoms, also according to a non-
uniform distribution (injected interstitials) [3]. The effect of increasing dpa-rate can be partly
compensated by irradiation variable shifts, e.g. in temperature or dpa (displacement per atoms).
However, no single temperature shift is able to guarantee ion/neutron equivalence for the whole
variety of irradiation-induced/enhanced microstructural features [5,10-13], at the same dpa level and
such a temperature shift has not been clearly evidenced for ferritic alloys.

In ferritic and martensitic alloys, solute atoms such as Si, P, Cu, Ni, Cr, Mn are known to form radiation-
induced clusters or radiation-enhanced precipitates [14—19]. In Fe-Cr alloys containing Ni, Si and P at
minor solute level, three types of nanofeatures have been shown to be responsible for radiation-
induced hardening, namely: dislocation loops and solute rich clusters (SRCs) containing Ni, Si, P and Cr
for any Cr content, as well as Cr-rich clusters (o’ clusters) in Cr supersaturated alloys [15,17,20-23].
SRCs have been shown to play a major role on irradiation hardening [20]. Konstantinovic et al. [24]



observed that the ferritic alloys containing more Ni, Si and P hardens more than the martensitic one.
Evolution of the matrix damage appears more sensitive to the Ni, Si and P content than to the initial
microstructure (ferritic vs martensitic) [25] Whereas o’ formation is enhanced by radiation [15-17],
SRCs are radiation induced clusters [14,15,26—28]. Under ion irradiation, the formation of o’ clusters
has been shown to be very sensitive to injected interstitials [3] and to high dose rate [4]: both limit the
formation of these clusters. Thus irradiation induces effects on o precipitation, as well. For a full
understanding of the effect of the irradiation conditions on SRC formation and evolution, therefore, it
is necessary to explore the effect of different variables on the observed population of solute clusters
and precipitates. For this purposethree alloys containing 9%Cr and various minor solute levels, mainly
Ni, Si and P, have been neutron and ion irradiated under similar conditions. In this work, we report the
result of atom probe tomography (APT) on these materials, in order to evaluate the difference in SRCs
and Cr-rich a' clusters evolution, depending on the type of irradiation.

2. Materials and experiments

2.1. Materials

The composition and the initial microstructure (ferritic or martensitic) of the three Fe-9%Cr model
alloys with three total minor solute levels (0.02at.%, 0.27at.% and 0.56 at.%) that were investigated
are provided in Table 1. The ferritic model alloys were cast by OCAS (Belgium) in an induction vacuum
furnace. The pure Fe source contained only 50 ppm Co and 70 ppm Ni, while all other elements were
below 10 ppm. No contamination due to the addition of the electrolytically refined Cr source is
expected. The final composition was determined by solid sampling optical emission spectroscopy (SS-
OES), except for Ni, Si and Al which were quantified using inductively coupled plasma OES (ICP-OES).
All elements not given in the table were below the SS-OES detection limits, except for the S content
which lies between 10 and 15 ppm for all casts. From each ingot, a piece of 50 mm x 125 mm x 250
mm was cut from the bottom and heat treated in a pre-heated furnace at 1200°C for 1 h 30 min.
Subsequently, the material was hot rolled and finally air-cooled down to room temperature resulting
in a fully ferritic microstructure. The grain size are the following: 25 um for Fe9Cr_X0, 27 um for
Fe9CrNiSiP with a dislocation density of 4.2 x 10** m3in Fe9Cr_X0 [29].

The martensitic alloy, Fe9Cr-NiSiP_X1, was fabricated at the University of Ghent (Belgium) by furnace
melting Fe and Cr of industrial purity. The cast ingot was cold worked under protective atmosphere to
9 mm thick plates and annealed for 3 hours at 1320 K in high vacuum for austenitization and
stabilization, followed by air cooling. Subsequently, the material was tempered at 1000 K for 4 hours.
The heat treatment resulted in a tempered martensite microstructure with a minor amount of ferrite.
The chemical composition was measured using ICP mass spectroscopy and combustion technique at
OCAS. The grains are similar to martensitic laths but the laths consist of ferrite grains with a density of
dislocations 6.3 x 102 cm™2[22,30] and a broad distribution of grain size of the order of 1 um.

APT characterisation and statistical tests performed on the unirradiated alloys showed that the alloys
are fully random [15,28,29,31].

Table 1: Composition measured by SS-OES and ICP-OES and microstructure of the selected FeCr(NiSiP) alloys (in at.%).

Name* Code Fe Cr Ni Si P Al (Ni+Si+P) Micro-
at.% | at.% at.% at.% at.% at.% Structure

Fe9Cr_X0 G385 | Bal. | 9.7 | 0.009 | 0.008 | 0.005 | 0.055 0.02 Ferritic
Fe9Cr-NiSiP_X1 L252 | Bal. | 89 | 0.066 | 0.18 | 0.021 | 0.014 0.27 Martensitic

Fe9Cr-NiSiP_X2 | G389 | Bal. | 9.7 | 0.087 | 0.42 | 0.057 | 0.057 0.56 Ferritic

* X0: minor solutes at level 0, X1: minor solutes at level 1, X2: minor solutes at level 2




2.2, Irradiation conditions

Samples of the FeCr alloys were neutron irradiated in the BR2 material testing reactor of SCK-CEN at
290°C. They were exposed to a neutron flux of about 1.5 10** cm?2s? for two 3-weeks reactor cycles
and received a total fluence of 1.1 102 cm2 (E > 1 MeV). According to dosimetry, the neutron fluence
and flux received correspond to a displacement damage of 0.11 dpa and a displacement rate of 2.2 10
8 dpa/s, respectively. More details are available in [24].

Samples of the same materials intended for ion irradiation were cut to the dimensions of 8-
10 x 10 x 1 mm?3 and mirror polished using mechanical grinding and polishing in several steps, down to
diamond suspension of 1 um particle size. The remaining surface damage introduced by mechanical
polishing was removed by low-temperature (~ 0°C) electropolishing using a solution of 98% of ethylene
glycol monobutyl ether and 2% of perchloric acid [32]. Unirradiated samples that served as reference
samples were prepared using the same preparation method.

lon irradiations were performed at a temperature of 300°C with self-ions (Fe**) of an energy of 8 MeV
using a 3MV-Tandetron accelerator at the lon Beam Center of HZDR, Dresden, Germany. This choice
of the energy is expected to provide a sufficiently large midrange region far from both the near surface
region and the implantation peak that must be avoided to prevent artefacts [3,7]. A reference depth
of 500 nm was chosen as target for the microstructural analysis. The irradiation was designed in such
a way that the nominal displacement damage of 0.1 dpa, as for neutron irradiation, was reached at
this depth. The damage and implantation profiles are presented in Figure 1. They were calculated using
SRIM (Stopping and Range of lons in Matter) [33,34] with the ““Quick Kinchin-Pease calculation” mode
using 40 eV as the displacement threshold for Fe [35] and following the recommendations of Stoller
et al. [36]. In order to guarantee a homogeneous lateral exposure over the whole set of samples, the
focussed ion beam was scanned over the area of the samples during the irradiation. The scanning
frequencies were 1 041 Hz and 1 015 Hz in horizontal and vertical directions, respectively. Scanning of
the beam has been shown to impact the swelling kinetics [37]. But rastering is expected to not impact
segregation and precipitation behaviour. The ion flux was measured continuously by means of Faraday
cups (measurement of current) and integrated to obtain the ion fluence. The irradiation temperature
was maintained by fixing the samples on a heating target. The temperature control was based on a
thermocouple placed on the backside of one sample. Temperature for ion irradiation has been chosen
similar to the one used for neutron irradiations for two reasons. The first reason concerns the study of
o' precipitation which is an enhanced mechanism. The goal here is to investigate the influence of the
nature of the irradiation on the kinetics keeping the driving force of o' precipitation constant. The
second reason concerns the formation of the SRCs. APT results obtained in Fe-Cr(NiSiP) alloys
irradiated at 0.5 dpa at 300 °C with neutrons and with Fe ions of 5 MeV within the GETMAT project
[14] did not reveal significant differences. Moreover, in ferritic alloys, a systematic temperature shift
has not been clearly evidenced in the literature. The ion irradiation parameters in terms of ion fluence
and flux, as well as the corresponding displacement damage and damage rate at 500 nm depth, are
the following: fluence equal to 4.16x10* cm2(0.1 dpa), flux equal to 7.6x10°cm2s? (1.8x10° dpa s?).
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Figure 1: Displacement damage and injected Fe concentration profiles for an Fe ion energy of 8 MeV
and a target displacement damage level of 0.1 dpa at 500 nm.

2.3. Atom probe tomography (APT)

The neutron irradiated APT samples were prepared using the classical electropolishing method [38]. In
case of the ion irradiated alloys, the APT samples were lifted-out and annularly milled using a Scanning
Electron Microscope — Focus lon Beam (SEM-FIB ZEISS Crossbeam XB540). Annular milling was
performed to reach a depth of 400-500 nm from the surface, in order to analyse the region
corresponding to a displacement damage of 0.1 dpa. The final milling was undertaken with a Ga beam
energy of 2 kV, which limits implantation of Ga ions in the material. At least three APT samples were
analysed for each condition. The APT volumes were extracted from at least two or three different
places over the samples, guaranteeing analysis of different grains.

The samples were examined using LEAP 4000X HR Atom Probes from AMETEK-CAMECA, which are
equipped with a Delay Line Detector (DLD) [39] of 36% efficiency. The LEAP HR are equipped with a
reflectron, which provides a high mass resolution and improves the accuracy of composition
measurements. The samples were analysed at 55K, as this temperature avoids preferential
evaporation of Cr atoms. The specimens were electrically pulsed with a pulse fraction of 20% of DC
voltage at a pulse repetition rate of 200 kHz. The detection rate was set up between 0.1% and 0.35%
in order to obtain a specimen flux of about 0.25-0.35 ions/nm?/s. The APT volumes were reconstructed
using IVAS 3.6.8 (CAMECA software). The compression factor £ was set to 1.65, which corresponds to
the value obtained from the crystallographic angles between poles observed on the desorption maps
in these alloys. The field factor k was derived from the expected interplanar distance at the poles. k
ranged between 3.7 and 4.9 depending on the nature of the tip support used (i.e. electropolished tip
or tip on micro-coupon) and depending on each sample.

The APT data were treated using the 3D Software developed by the GPM, University of Rouen
Normandie, France. The behaviour of the different species under irradiation was investigated using
both statistical tools and iso-concentration filtering, the latter to isolate clusters or precipitates. The
iso-concentration method (ICM) [38,40,41] that was used for the identification of clusters or
precipitates in the irradiated samples is based on three parameters: a concentration threshold (Ci)
criterion, a minimum number of relevant atoms (Nmin) that are detected in the clusters and a distance
d corresponding to the distance below which two atoms belong to the same cluster (d = 0.5 nm). The
selection of the parameters Cin and Nmin is made in such a way that ghost clusters are avoided in a
random solid solution of the same composition. G, ensures that less than 0.01% of the filtered atoms
in the random solution would have this concentration [41] (in ref [41], a value of 0.1% is given but it is
a misprint). Nmin is chosen in order to identify zero clusters in the random solution for the selected G,
value. These parameters were estimated for each APT volume considering a randomized solid solution
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of the same composition. The variation of the parameters Ci and Npin, which are required to reliably
detect irradiation-induced clusters, is linked to the variation of the nominal concentration of the
considered species from one tip to another. Depending on the investigated alloy, the ICM was applied
either based on the P concentration or based on Ni+P+Si concentration. The important point is to
ensure that the choice made allows the correct identification (in size and shape) of all the clusters
visible on the 3D images.

The number density (Ny) of the identified clusters corresponds to the ratio of the number of observed
clusters to the overall analysed volume. After application of the ICM, clusters are often found to be
surrounded by matrix atoms, which are erroneously associated with the clusters. These shells are
systematically removed using an erosion method before measuring the size [38]. The radius of each
cluster was calculated considering them as spherical:

3nV,
R = 3 at (1)
41Q

with n the number of atoms into the cluster, V,: the Fe atomic volume (as®/2 with ao the lattice
parameter) and Q the detector efficiency. The cluster’s composition was measured in the core (on the
plateau) of the clusters using erosion concentration profiles [38]. The concentration values are thus
not affected by the interface. It is worth noting that the particle composition must not be measured
considering the same atoms that were used to calculate the size, to avoid including the interface atoms
in the measurement. If this was done the matter conservation law would be violated. Radius, number
density and composition values were averaged over all the APT volumes for each condition. At least
three APT samples from at least two different grains have been investigated for each condition.

3. Results

3.1. Solute rich clusters

Figure 2 compares the P distribution after ion and neutron irradiations. In both cases, clusters are
clearly visible: even in Fe9Cr_X0, where the P concentration is only 0.005 at.%. In this material, the P
cluster density is lower under ion irradiation. However, for Fe9Cr-NiSiP_X1 and Fe9Cr-NiSiP_X2, 3D
images show very similar microstructure in both ion and neutron irradiated specimens.

The characteristics of the solute rich clusters are summarized in Table 2. Composition measurements
carried out in the core of the clusters show that these are enriched in P, Ni, Si and Cr except for
Fe9Cr_X0 where only an enrichment in P and Cr is observed. The radius distributions are provided in
Figure 3. In good agreement with 3D images, the SRC composition, number density in Fe9Cr-NiSiP_X1
and Fe9Cr-NiSiP_X2, are very similar under neutron and ion irradiation.

The average size is slightly larger under neutron irradiation however because of the uncertainties it is
difficult to conclude from this data alone. Comparison of radius distributions is necessary. The radius
distributions are presented in Figure 3a and b. A significant shift is observed and confirm the trend:
the distributions are shifted toward larger values after neutron irradiation.

Comparison of radius distributions between Fe9Cr-NiSiP_X1 (martensitic) and Fe9Cr-NiSiP_X2 (fully
ferritic) in Figure 3c and d, reveals a slightly higher proportion of smaller SRCs when the NiSiP content
is higher whatever the nature of the irradiation. The number density increases and the size decreases
with increase in minor solute content for alloys containing Ni, Si and P.

In Fe9Cr_XO0, SRC are less enriched in Cr and P after ion irradiation and their number density is 3.5
times lower.
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data filtering has been applied.



Table 2 : SRC composition (in at.%), number density and radius after neutron and ion irradiations at 0.1 dpa, 300 °C.

0507091113151719212325272931333537

Fe9Cr_X0 Fe9Cr-NiSiP_X1 Fe9Cr-NiSiP_X2
Neutrons lons Neutrons lons Neutrons lons
Fe (at.%) Bal. Bal. Bal. Bal. Bal. Bal.
19.9 17.8 17.7 16.4 17.9 14.8
Cr(at.%)
£33 t2.4 +0.6 +1.5 +25 +0.7
, 2.7 2.0 1.9 1.3
Ni (at.%) - -
+0.4 +0.3 +0.4 +0.5
1.4 1.0 1.8 1.7
Si (at.%) - -
+0.2 +0.2 +0.5 +£0.9
4.4 6.4 6.2 7.1 7.0
P (at.%)
+0.9 +1.3 +1.2 +0.8 +1.6 +0.5
0.09
Nv (108 m3) 0.34+0.1 £0.04 1.4+0.2 1.3+0.2 3.3+0.3 3.1+0.4
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Figure 3: Radius distributions of SRCs in Fe9Cr-NiSiP_X1 and Fe9Cr-NiSiP_X2 after neutron (yellow) and ion (grey) irradiations
at 0.1 dpa at 300 °C. (a) and (b): ion versus neutron for each alloy. (c) and (d) Fe9Cr-NiSiP_X1 versus Fe9Cr-NiSiP_X2 for each
irradiation type.



3.2. Crrich particles

Figure 4 presents the 3D distribution of Cr and P atoms for the three alloys after neutron (a) and ion
(b) irradiation, respectively. For Fe9Cr-NiSiP_X1 and Fe9Cr-NiSiP_X2 under both neutron and ion
irradiation: the Cr rich regions that are visible on the images correspond to the SRCs which have been
shown to be enriched in Cr (Table 2). On the images, it is indeed possible to see that the Cr-rich regions
visible on the images are associated with P rich regions for both irradiation conditions. Some of these
SRCs are highlighted with arrows. Except these zones, no Cr rich clusters which could be associated
with o' clusters are present.

For Fe9Cr_XO0: surprisingly, the Fe9Cr_X0 behaves differently under neutron irradiation. For this alloy,
the major part of the Cr rich clusters appearing on the images are not associated with the P clusters.
These Cr rich clusters are therefore o' clusters. Their average radius is (1.1 = 0.2) nm, their number
density is 2x10%® m™ and the Cr content equals (45 + 3) at.%. Figure 4(a) presents a concentration
profile drawn through one a'cluster. The fact that o' clusters are not observed in Fe9Cr-NiSiP_X1 and
_X2 alloys (rich in Ni, Si and P) but are observed in the Fe9Cr_XO0 alloy, suggests that the presence of
minor solutes with significant binding to vacancies [26] impacts the kinetics of formation of the o'
particles at early stages. Under ion irradiation, no o' cluster is visible on the images and no o' cluster
has been detected using concentration filtering.
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Figure 4: Distribution of Cr and P atoms in the three alloys after neutron irradiation (a) and ion irradiation (b) at 0.1 dpa. A
concentration profile drawn through a o' cluster is presented. Arrows higlight some of the SRCs in Cr and P maps. A
concentration threshold Xc>16at.% was used to highligt Cr rich regions.



4. Discussion

SRCs are equally observed under neutron and ion irradiation in all the alloys that have been studied in
this work. Even in Fe9Cr_XO0, with only 0.005 at.% P, PCr rich clusters are observed. P is the minor solute
with the highest concentration in SRCs, whereas its nominal concentration is the lowest. The
enrichment factor (X5R€/X,) is ~125 in Fe9-NiSiP_X2 alloys, ~300 in Fe9Cr-NiSiP_X1 and ~1600 in
Fe9Cr_XO0. This confirms the strong segregation tendency of P, as already mentioned in previous
experimental and numerical works [40,42—-45]. P atoms are the fastest diffusers [46,47] as P creates
very stable complexes both with self-interstitials (mixed dumbbells, binding energy ~1 eV) and
vacancies (P-vacancy pairs, binding energy ~0.4 eV) [46,47]. Moreover, P mixed dumbbells are trapped
by other P atoms in the matrix [46,47]. These immobilized dumbbells could be stable nuclei of
dislocation loops and act as point defect sinks that are further enriched by dragging of solute atoms
(P, Ni, Si and Cr). Experimental results of Hardouin-Duparc [45] highlighted the link between P and the
increase in the number density of dislocation loops in electron irradiated Fe—P. In good agreement
with this scenario, recent APT results of Gueye et al. [28] showed that SRCs are more enriched in P at
low dose than at higher dose and that at higher dose, small decorated dislocation loops with the same
composition than SRCs appear. Recent OKMC (Object Kinetic Monte Carlo) simulations [26] clearly
highlighted the dominant role of the immobilized point defect clusters on the nucleation process of
SRCs and confirmed the radiation induced nature of SRCs. Higher NiSiP concentrations lead to an
increase in SRC number density, with corresponding decrease in size of SRCs (Table 2), because a larger
number of nuclei (immobilized point-defect clusters) forms, on which the solutes redistribute. The
same observation in terms of number density and size evolution for dislocation loops in these alloys
which were neutron irradiated in the same conditions, has been reported by Dubinko et al. [25]: a
decrease of the size of dislocation loops accompanied by an increase in number density with the
increase in Ni, Si and P content. APT, TEM (Transmission Electron Microscopy) and OKMC results are
thus very consistent with the hypothesis that the invisible small dislocation loops (small interstitial
clusters) correspond to the SRCs observed in APT volumes and the growth of SRCs leads to the
formation of decorated dislocation loops.

Under neutron irradiation, in the Fe9Cr set of alloys, well defined Cr rich clusters are only observed in
the Fe-9Cr_XO0 alloy. In contrast, no o' precipitates were observed in the Fe9Cr-NiSiP alloys. The
presence of o' clusters in Fe9Cr-NiSiP_X1 has been reported, but at higher dose, namely 0.5 dpa [15].
The number density was (2.1 + 0.2)x10? m and the average radius (1.1 + 0.2) nm, very similar values
to those measured in Fe-9Cr_X0 at 0.1 dpa. The presence of NiSiP seems therefore to induce a delay
in the onset of o' clusters formation in Fe-9Cr alloys for which the driving force for o' precipitation is
low. These results are consistent with PAS and SANS measurements [25]. This might originate from the
competition between solute species that are dragged by point-defects. Specifically, due to the stronger
interaction of vacancies with, in order P (~ 0.4 eV), Si (~ 0.3 eV) and Ni (~ 0.2 eV) than with Cr (<0.1 eV)
[43], these defects will preferably be bound to the minor solutes than to Cr, thereby delaying the
diffusion of Cr to form precipitates. Another reason is the competition of the formation of SRCs and o'
particles which are both enriched in Cr. It is expected that this competition would have a greater effect
in the case of alloys that are close to the solubility limit. Simulations or complementary experiments
should be performed to clarify this point.

o' clusters have been observed in Fe9Cr_XO0 under neutron irradiation but not under ion irradiation.

This is very likely the result of the higher dose rate of ion irradiation, which increases the dissolution
by ballistic effect [4,48]. . If we consider SRCs, there is no significant quantitative difference between
8 MeV Fe ion- and neutron-irradiated in Fe9Cr-NiSiP_X1 and Fe9Cr-NiSiP_X2 alloys: number density
and composition of SRCs are similar. The only difference concerns a slight shift of the size distribution
towards higher values in case of neutron irradiation. Thus, there seems to be only a slight dose-rate
effect on the formation of SRCs in Fe9Cr-NiSiP alloys with 8 MeV ions. This reveals that dose-rate
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effects are more visible in some microstructural features than in others. Namely, the characteristics of
o’ clusters are more sensitive to dose-rate than those of NiSiP clusters. The sensitivity of Cr-rich
clusters to dose-rate has been ascribed to ballistic dissolution [4,48]. As the formation mechanism is
different, perhaps the dpa-rate above which ballistic dissolution plays a role is different/higher for
SRCs. Dedicated modelling should be able to help to answer this question. In contrast, in Fe9Cr_X0,
the number density and the P concentration of PCr clusters is lower after 8 MeV ion-irradiation than
after neutron-irradiation. In this alloy, therefore, a dose-rate effect is observed. The dose-rate effects
are more or less visible depending on the content of minor element. These results show that minor
elements, which present strong interactions with point defects, impact significantly the behavior of
these alloys under irradiation.

5. Conclusion

Three alloys with 9%Cr and various minor solute levels of Ni, Si and P, have been ion and neutron

irradiated at 300 °C up to 0.1 dpa and have been characterized by APT. This work has shown that:

*  SRCs number density increases and size decreases when the Ni-Si-P content increase. Comparison
with TEM and OKMC data [25] confirms that SRCs observed in APT volumes are very likely TEM
invisible small dislocation loops.

*  Similar microstructure after both 8 MeV ion irradiation and neutron irradiation has been observed
in Fe9Cr-NiSiP_X1 and Fe9Cr-NiSiP_X2 alloys, despite the different dose rate. Thus, no significant
temperature shift appears to be needed to compensate the dose rate for these alloys in the case
of SRCs. In Fe9Cr_XO (alloy with only 0.005 at% P), however, the number density and the P
concentration of Cr-rich SRCs is lower after ion irradiation than under neutron irradiation. This
reveals that some chemical compositions are more sensitive than others to dose-rate.

* The presence of Ni-Si-P appears to delay the onset of a' clusters formation in Fe9Cr alloys, for
which the driving force for o' formation is low.

* Cr clustering is much less developed under ion irradiation and ballistic dissolution has been
proposed as a reason for this.
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