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ABSTRACT

Oxide dispersion strengthened steels are candidate materials for nuclear reactor applications due to a powerful
combination of properties, such as reduced activation, high-temperature strength and increased creep resistance.
The dispersion of nanometric oxide particles in the steel matrix may also enhance radiation resistance by acting
as trapping sites for irradiation induced defects. In this work, an Fe-14Cr—2 W-0.3-Ti-0.3Y,03 (wt%) steel and a
model Fe-14Cr (wt%) alloy were sequentially irradiated with He* and Fe™ ions up to 15 dpa and 8000 appm to
simulate fusion radiation damage. Their microstructural stability was investigated by positron annihilation
spectroscopy and transmission electron microscopy. Transmission electron microscopy studies show that under
these irradiation conditions there are no significant changes in the mean size, qualitative chemical composition
and number density of nanoparticles, although the irradiation appears to induce a slight coarsening of the
smaller nanoparticles. Both materials exhibit very small (< 2 nm) irradiation-induced bubbles, with similar sizes
but lower number density in the ODS steel. Positron annihilation spectroscopy results show the presence of
irradiation induced open volume defects, much more noticeable in the model alloy. In both alloys, helium
appears to associate with the newly formed vacancy-type defects introduced by the subsequent Fe™ irradiation.

1. Introduction

In-vessel structural materials for nuclear fusion power plants, which
will be part of the first wall and blanket of nuclear fusion reactors, have
to sustain the damage produced by the 14 MeV fusion neutrons, tem-
peratures up to 700 °C, and large amounts of He and H coming from
transmutation reactions. Main recent research activities focus on de-
veloping reduced-activation (RA) steels able to withstand these extreme
operation conditions. Oxide dispersion strengthened (ODS) RA ferritic
steels (FS) are considered very promising materials, as their use could
increase the operating upper temperature limit of RAFS by at least
150 °C [1,2]. Generally, these ODS RAFS are strengthened with a high
density of thermally stable Y, Ti-rich oxide nanoparticles homo-
geneously dispersed in the matrix [1,3]. Their microstructure, having
fine grain sizes and high dislocation densities, allow obtaining superior
high temperature tensile, creep and fatigue properties in comparison
with their non-reinforced counterparts [4-6]. Moreover, their complex
microstructure provides a high density of sinks for irradiation induced
defects that may lead to lower swelling and increased radiation damage
resistance [7-9].

Understanding the irradiation stability of the Y, Ti-rich oxide na-
noparticles is crucial to achieve a good performance during the com-
ponent lifetime in a fusion reactor. In this respect, ion irradiation has
become a powerful tool for simulating the particular irradiation con-
ditions present [10]. Radiation damage from primary knock-on atom
cascades as well as the effects of He and H transmutation gasses on the
irradiated material can both be simulated by using heavy ion irradia-
tion or He and H ion irradiations. However, ion irradiation may have
some drawbacks as irradiations carried out in shallow regions may lead
to surface effects. Also, the effect of injected ions has to be considered.
A relevant issue is the combined exposure to He and displacement da-
mage, which can be investigated by performing dual (either sequential
or simultaneous) ion irradiations. For instance, ODS Eurofer showed
different radiation behaviours when subjected to single, dual simulta-
neous, or sequential irradiations, the behaviour also depending on the
order of ions [11].

The experimental characterisation of ion irradiations effects aids in
understanding main radiation damage processes and contributes to the
validation of theoretical models [12]. Positron annihilation spectro-
scopy (PAS) is one of the techniques employed to characterise defect
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structure evolution under irradiation. PAS, which allows analysing
open volume defects, has been successfully applied to study radiation
damage in the bulk of steels [13-15]. More recently, some slow PAS
investigations have also been accomplished to investigate the evolution
of open volume defects in ion-irradiated steels, where the irradiation
layer typically extends one to several micrometres from the surface
[16-19]. Regarding the microstructural stability of the Y, Ti-rich oxide
nanoparticles, many transmission electron microscopy (TEM) and atom
probe tomography (APT) studies have reported some nanoparticle
evolution under both neutron and ion irradiation. A recent review
paper by Wharry et al. analyses and summarises the observed changes
(see [20] and references therein). These investigations report different
and sometimes opposite variations in the nanoparticle sizes, number
densities, chemical compositions, etc., that do not clearly correlate with
irradiation doses and temperatures, and are difficult to interpret in
terms of one single nucleation and stability mechanism [20]. In order to
be able to predict the microstructural changes occurring in ODS steels
under irradiation, including the nanoparticle and defect structure
evolution, more systematic investigations are needed. One of the pro-
blems encountered is the absence of a standard reference ODS batch,
which makes difficult to compare investigations among ODS steels that
have different chemical compositions, microstructures and nanoparticle
features (sizes, number density, composition...). Therefore, it is inter-
esting to extend the experimental database by characterising the effect
of different irradiation conditions on the same materials. In previous
investigations an ODS Fel4Cr2WO0.3Ti steel was characterised after
single irradiation with Fe™ or He" ions at different temperatures, and
after simultaneous triple irradiation at 600 °C [19,21,22].

In this work, PAS and TEM have been used to investigate the mi-
crostructural stability of the same ODS Fe-14Cr-2 W-0.3Ti (wt%) steel
and an Fe-14Cr (wt%) model alloy subjected to a dual sequential (He*,
Fe™) ion irradiation at RT up to 8000 appm He and ~15 dpa Fe with
special focus on the nanoparticle stability and the evolution of open
volume defects and irradiation induced bubbles.

2. Experimental

Two alloys have been investigated in this work. A model alloy (re-
ferred to as Fel4Cr) with nominal composition Fe-14 wt%Cr produced
by Goodfellow was vacuum melted, cast and hot rolled. This alloy has
an equiaxed grain structure with an average grain size of 100 um and it
is free of dislocations. An ODS steel with nominal composition Fe-14Cr-
2W-0.3Ti-0.3Y,03 (wt%), named as ODS, was produced by mechanical
alloying of elemental Fe, Cr, W and Ti powders and Y,O3 powders in a
planetary ball mill under H, atmosphere. It was consolidated by hot
isostatic pressing (HIP) at 1100 °C and 200 MPa, forged at ~1100 °C
and subsequently heat treated at 850 °C for 2 h. Its detailed fabrication
process can be found in [23]. The ODS steel has a duplex grain structure
with dislocation-free grains < 15 um and unrecovered grains < 1 pm
[23]. Prior to irradiation, samples were cut into approximately
7 x 7 x 0.5 mm? pieces, mechanically polished with SiC paper fol-
lowed by Al,O3 until mirror polishing and thermally treated at 800 °C
for 2 h in order to remove any possible defects introduced by the pol-
ishing process. Heat treatments were carried out in vacuum (~10"°
Torr) and samples were furnace-cooled also in vacuum to avoid surface
oxidation.

Sequential ion irradiations with He™ and Fe™* ions were performed
in both materials at room temperature. Samples were first irradiated at
the ion implanter at CIEMAT (Centro de Investigaciones Energéticas,
Medioambientales y Tecnoldgicas) with 50 keV He™ ions to a fluence of
10'° jons/cm? and subsequently irradiated at the Standard multi-
purpose line of the CMAM (Centro de Microandlisis de Materiales) centre
with 1 MeV Fe™ to a fluence of 5.6 x 10'® ions/cm?. The implantation
and damage profiles calculated by SRIM (Stopping and Range of Ions into
Matter) [24] are depicted in Fig. 1 as a function of depth. The maximum
damages were estimated using the “Detailed Calculation with full
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Damage Cascades” mode. Displacement energies for Fe and Cr were
40 eV, leading to 15 dpa (Fe*) and 0.5 dpa (He™). Due to the irra-
diation conditions available for this experiment, the investigations were
carried out in regions in which there may be surface effects
(~100-300 nm from the surface), see Fig. 1. The Bragg peaks are lo-
cated at 160 nm from the surface for He ions and 300 nm in the case of
Fe ions. The maximum He concentration is 8000 appm (200 nm un-
derneath the surface). It also has to be noted that the calculated max-
imum of implanted ions is located at 400 nm underneath the surface
(Fig. 1). Although the investigated volumes are far from this maximum,
there is still a considerable amount of injected Fe ions that could affect
the behaviour after irradiation.

Electron transparent lamellae for TEM were obtained by the focused
ion beam (FIB) lift-out technique [25]. The instrument was a Zeiss
Auriga 40 SEM/FIB equipped with a 30 kV Ga ion gun. Lower ion ac-
celeration voltages (15 to 5 kV) were used in the final preparation
stages to minimise surface damage.

Microscopy imaging was performed in various instruments with
different microanalysis systems. A Philips CM20 (S)TEM microscope
and a JEOL2200MCO prototype microscope were used to characterise
the microstructure and secondary phases present in the unirradiated
steels. The CM20 was equipped with an energy dispersive spectroscopy
(EDS) microanalysis system. The JEOL2200MCO, equipped with an Q
filter, was used for EFTEM acquisition. EFTEM series in the low loss
(10-80 eV) energy range were acquired using a 5 eV slit, a 2 eV step and
a dwell time of 5 s. The series were drift corrected using the method
described in [26]. Elemental maps were extracted using the MMLS
(multiple linear least square) method with reference spectra for each
element [27]. The irradiated samples were analysed using a JEOL JEM-
3000F FEG(S)TEM equipped with a high-angle annular dark field
(HAADF) detector and EDS and electron energy loss spectroscopy
(EELS) Enfina detectors for microanalysis. The thickness of the samples
was determined by EELS using the log-ratio technique [28]. The
smallest nanoparticles detected with either of the techniques were
about 2 nm in diameter.

The presence of bubbles was investigated by bright-field (BF) TEM
using a through-focal technique, being the amount of under/over focus
500 nm. For each sample, five different regions with volumes of the
order of 10%® m® were analysed. Three of them were centred at
~200 nm from the surface (maximum of the He implantation profile).
The fourth region was closer to the surface, centred at ~100 nm and the
fifth one was centred deeper into the sample, at ~300 nm.

Slow positron annihilation Doppler Broadening (DB) experiments
were performed in NEPOMUC [29] using positrons with energies up to
30 keV. Doppler broadening of the electron-positron annihilation peak
at 511 keV gives information of the electron momentum distribution.
Annihilation with high-momentum electrons are more probable for
delocalised positrons than for trapped positrons, therefore, the nar-
rower the annihilation peak the higher the positron trapping in defects.
The observed changes in the width of the annihilation peak at 511 keV
as a function of the incident positron energy (correlated with the
sample depth) can provide spatial information about the positron
trapping in defects. The Doppler broadening of the annihilation peak is
usually characterised by the lineshape parameters S and W. The S-
parameter is calculated as the ratio between the area of the central
portion of the peak and the total area of the peak. The central window
used for the S-parameter calculation was 1.632 keV, while the W-
parameter was obtained from the higher momentum region and chosen
to range from 514.26 to 515.9 keV. The count rate of these measure-
ments was about 300 s~ ! yielding about 107 counts per spectrum.

3. Results and discussion
3.1. Stability of nanoparticles after dual sequential RT ion irradiation

There are two types of submicron sized secondary phases present in
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Fig. 1. SRIM profiles of damage and ion concentration for the He/Fe sequential dual irradiation for a) He* ions and b) Fe* ions. Orange and green rectangles show

the main investigated regions for bubbles and nanoparticles, respectively.

Fig. 2. a) BF-STEM image of the unirradiated and b) HAADF-STEM image of the

irradiated ODS steel showing Ti-Cr oxides present in the matrix (some of them
marked with arrows).

Fig. 3. a) BF-STEM image of the unirradiated and b) HAADF-STEM image of the

irradiated ODS steel showing Y-Ti oxides present in the matrix (some of them
marked with arrows).

the unirradiated ODS steel, i.e. Ti-Cr oxides with round morphology
and sizes ranging from 50 nm to 500 nm (Fig. 2a) and round smaller Y-
Ti nano-oxides with sizes below 30 nm (Fig. 3a) [23]. Similar phases
have also been found in other ODS steels with akin compositions
[30,31]. Both types of secondary phases are still detected in the irra-
diated ODS steel (Figs. 2b and 3b).

The chemical composition and stability of these secondary phases
has been investigated by HAADF-STEM-EDS or EFTEM. For the irra-
diated ODS steel, the studied regions were centred around 200 nm

underneath the irradiated sample surface (13 dpa in the SRIM simula-
tion, see Fig. 1), covering between ~100 nm (9 dpa) and ~300 nm (15
dpa, Bragg peak) from the sample surface. EFTEM and dark-field (DF)-
STEM compositional maps showing Y, Ti-rich and Ti, Cr-rich phases in
the unirradiated ODS steel are depicted in Figs. 4 and 5a, respectively.
Fig. 5b depicts bright-field (BF)-STEM-EDS maps of the larger sec-
ondary phases after the irradiation, which maintain their Ti, Cr-rich
compositions. STEM-EDS linescans across two nanoparticles in the ir-
radiated steel show similar Y, Ti-rich compositions (Ti and Y signal
intensities increase at the location of the nanoparticles), see Fig. 6. In
previous atom probe tomography (APT) investigations, Rogozhkin et al
showed V and N loss and a slight increase in the Y and Mn con-
centrations in an ODS-Eurofer steel irradiated at RT with Fe ions to 32
dpa [32]. The concentrations of Y, O and Mn atoms in ODS-Eurofer, of
Ti and O atoms in a 13.5Cr-0.3Ti ODS, and of Y atoms in a 13.5Cr ODS
also increased after RT Fe or Ti irradiation to 0.8-0.9 dpa [33].

Fig. 4. EFTEM maps showing Y, Ti-rich nanoparticles in the unirradiated ODS

steel: a) Elastic image, b) Y-N; 3 map, c) Ti-M, 3 map, d) Cr-M, 3 map. Adapted
from [22] with permission from Elsevier.
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Fig. 5. a) to d): EDS maps showing two Cr-Ti rich precipitates in the uni-
rradiated ODS steel: a) STEM-DF image, b) Fe-K map, c¢) Cr-K map and d) Ti-K
map. e) to h): EDS maps showing two Cr-Ti rich precipitates in the irradiated
ODS steel: e) HAADF image, f) Fe-K map, g) Cr-K map and h) Ti-K map.

However, investigations accomplished on the same ODS steel as the one
studied herein irradiated at —80 °C to 15 dpa with Fe ions showed that
the chemical composition of the nanoparticles remains stable [22]. The
same behaviour is observed after this dual sequential irradiation, as the
chemical composition of the secondary phases seems qualitatively un-
altered. Further APT quantitative studies would help to confirm this
point.

The nanoparticle size distributions and box plot are presented in
Fig. 7. The nanoparticle mean size, 7 + 4 nm, in the irradiated sample
is similar to the one before irradiation (7 * 5 nm). Some irradiation
induced coarsening might be intuited from the histograms (Fig. 7a) the
first quartile and median values (Fig. 7b). However, it has to be noted
that the measurements had to be carried out using different techniques
and the volume that could be investigated after irradiation was much
smaller than the one before irradiation.

Existing literature is not conclusive regarding nanoparticle size
evolution under low temperature ion irradiation. For instance, Lescoat
et al reported complete dissolution of nanoclusters in an 18Cr ODS steel
under irradiation at RT to 156 dpa with Au™ (APT results) although for
lower irradiation damages, nanoclusters are still found in the matrix
[34]. Certain et al reported nanoparticle dissolution in an 14Cr (W, Ti)
ODS steel after Ni* irradiation at —75 °C to 100 dpa (APT results).
However, EFTEM investigations point to the increase of the average
diameter of nanoparticles irradiated at 300 °C to the same dose [35].
Ribis et al also showed nanoparticle size increase at RT after Xe* in-situ
ion irradiation to 2.5 dpa (TEM results) [36]. However, Kaoumi et al
reported that nanoparticles in MA957 are stable after Fe™ irradiation to
18 dpa at 25 °C (TEM results) in agreement with our results [37].

Histograms from Fig. 7 also show that the small fraction of nano-
particles > 15 nm decreases after the irradiation from 7% to 2%. This
would suggest dissolution or shrinkage of the larger nanoparticles.
However, it is difficult to make any assumption regarding this point.
Large nanoparticles could have been underestimated in the irradiated
sample as the magnifications used were optimised to detect the smaller
ones.
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Fig. 6. EDS line-scan of two nanoparticles in the ODS steel after dual sequential
He/Fe irradiation at RT: a) HAADF image b) Cr-K signal, c) Fe-K signal, d) O-K
signal e) Ti-K signal, and f) Y-K + L signal.

No significant changes in nanoparticle number densities are de-
tected as compared to the unirradiated steel. Number densities were
measured from HAADF images in two regions with volumes of the order
of 10! m® being the average density (1.2 + 0.2) x 10%> m~3. This
value is similar to the one obtained from EFTEM images in the uni-
rradiated ODS steel that was (1.1 + 0.2) x 10%2 m~3 [22].

The effect of this dual sequential irradiation on the nanoparticles is
almost negligible. Mean sizes and number densities do not vary. TEM
histograms only suggest some coarsening of the smallest nanoparticles.
Previous APT studies of the same ODS steel after low temperature single
Fe ion irradiation showed that nanoparticles < 5 nm were partially
dissolving [22]. The same mechanism could be operating here, where
incomplete dissolution of nanoparticles below the resolution limit
would be contributing to coarsening of the rest.

3.2. TEM characterisation of bubbles induced by dual sequential irradiation

3.2.1. Fel4Cr

The general microstructure of the irradiated model alloy is shown in
Fig. 8a. The presence of black dots can be seen homogeneously dis-
tributed along the whole depth. As irradiation damage would be located
well within the first micron underneath the sample surface, it was as-
sumed that these black dots should be consequence of the Ga-ion da-
mage induced during FIB sample preparation.

Although no evidence of large bubbles was found, the presence of
small (< 2 nm) bubbles was observed in all the investigated regions,
see examples in Fig. 9. The bubble density is maximum in the regions
close to the maximum He concentration (~200 nm from the surface,
Fig. 9d—f), ranging from 10 x 10?% to 17 x 10%* m ™3 with an average
value of (12 + 3) x 10%® m~3. However, there is still a uniform
distribution of bubbles at ~100 nm, accounting for diffusion towards
the surface (Fig. 9a—c). In the deepest investigated region, around
300 nm depth, a clear bubble density gradient is observed (Fig. 9g-i).
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Fig. 7. a) Histogram showing the size distributions of nanoparticles in the ODS steel before and after dual sequential He/Fe irradiation at RT. b) Box plot showing the

particle size range before and after dual irradiation.

Closer to the surface, it can be seen that there is still a large amount of
bubbles (upper-left corner of Fig. 9g-i). This can be attributed to the
fact that Fe* irradiation has a Bragg peak at ~300 nm thus creating a
large amount of vacancies that could coalesce or act as points of He-
bubble nucleation at that zone. The density of bubbles clearly decreases
towards deeper regions (lower-right corner of Fig. 9g-i), in agreement
with the sharp increase in the ion concentration predicted by SRIM.
The size of the bubbles was measured in the three regions centred at
~200 nm from the surface. Fig. 10a shows the size distribution of these
small bubbles, which are < 2 nm having mean sizes of 1.2 + 0.3 nm.
This mean size is comparable to the one found for a Eurofer steel ir-
radiated with Fe** and He* at 330 °C to a dose of 26 dpa and 450
appm, respectively, where the mean bubble size was 1.3 nm, being the

bubble number density slightly lower (2 X 10%® m~%) [38]. The mea-
sured sizes are slightly smaller to those observed for Fe5%Cr irradiated
with 100 dpa Fe™ and 2500 appm He™ at 500 °C (2.2 nm). It has to be
taken into account that the irradiations performed in the present work
were accomplished at RT and to lower doses, although the amount of
He implanted hereby is much larger (8000 appm) [39]. The bubble
sizes are lower, and the bubble number densities higher after this dual
sequential He/Fe irradiation when compared to results obtained from
the same Fel4Cr model alloy irradiated with He™ ions to 4700 appm at
400 °C, 1.4 nm and 4 x 10** m~2 respectively [19]. This could be
related to the lower irradiation temperature and larger concentration of
the He™ ions introduced by the dual irradiation, along with the larger
amount of vacancy-type defects induced by the irradiation.

Fig. 8. General BF images after sequential He/Fe ion irradiation at RT of: a) the FIB-ed Fe14Cr model alloy. b) the ODS steel and c) the ODS steel after tilting by 10°.
Red arrows indicate the sample surface. A blue arrow marks the irradiation induced defect fringe.
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Fig. 9. Through-focal series of three regions in the Fel4Cr alloy after sequential He/Fe ion irradiation at RT. BF images a) to c) show a region ~100 nm away from
the surface, where the arrow points in the direction towards the surface. Images d) to f) correspond to a region inside the bubble fringe, ~200 nm away from the
surface, where the inset in d) shows magnified bubbles. Images g) to i) show a region ~300 nm away from the surface where a clear bubble density gradient can be
observed. The dashed line in h) separates regions with different bubble density, with higher density in the top left and lower in the bottom right.

3.2.2. ODS

orientation conditions. However, after tilting the sample by an angle of

Fig. 8b shows a general image of the microstructure of the irradiated 10° (see Fig. 8c), a defect fringe is revealed between ~200 and 400 nm,
ODS steel where no defects or bubble fringe are observed under these coinciding with the location of the Bragg peak simulated by SRIM. At
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Fig. 11. Through-focal series of three regions in the sequential He/Fe irradiated ODS alloy. BF images a) to c) show a region ~100 nm away from the surface, where
the arrow points in the direction towards the surface. Images d) to f) depict a region inside the bubble fringe, ~200 nm away from the surface. The corresponding
inset shows bubbles attached to what appears to be a nanoparticle, which is highlighted by a dashed line. Images g) to i) show a region ~300 nm away from the
surface, where the dashed line in h) separates regions having different bubble density, with higher density on top and lower on the bottom.

higher magnifications, small bubbles (< 2 nm) are observed out of
focus (Fig. 11). As in the case of the model alloy, these bubbles were
investigated in the zone of maximum He concentration, closer to the
surface and in the zone of maximum damage. Close to the surface, at
~100 nm depth (Fig. 11a—c) bubbles appear homogeneous, hinting to
the diffusion of He towards the surface of the sample. At the location of
maximum He concentration, the bubbles are uniformly dispersed
throughout the matrix, as can be seen in Fig. 11d—f. In the innermost
region investigated (~300 nm depth, Fig. 11g-i) bubbles are still ob-
served but, likewise in the model alloy, a bubble gradient is noticed.

Most bubbles were found uniformly dispersed in the matrix. Only
some bubbles were observed to be attached to nanoparticles. Number
densities calculated for the region of maximum He concentration range
from 7.2 x 10?2 to 11 x 10%°> m~3, with an average value of
(9 = 2) x 102 m™3

Sizes of bubbles were measured in regions around the maximum He
concentration. Their size distribution is shown in Fig. 10b, with a mean
size of 1.2 * 0.2 nm. This mean size is similar to the one observed for
the Fel4Cr alloy irradiated under the same conditions. The number
density in the region of maximum He concentration appears to be lower
for this sample than for the model alloy. This could be due to the sizes
of bubbles being below the detection limit, hence the number density
would appear to be lower. This behaviour was also observed by Lu et al.

after a single He ™" irradiation at 400 °C to a fluence of 1 x 107 ions/
cm? of 14Cr ODS steel and EUROFER 97 steel [40].

3.3. Characterisation of open volume defects by PAS

Fig. 12 shows the lineshape S and W parameters as a function of the
incident positron energy for the Fe14Cr model alloy after the sequential
He/Fe irradiation, together with the results for the unirradiated alloy
and for the same model alloy after single He™ and Fe™ irradiations
[19]. The S-parameter of the well-annealed unirradiated model alloy is
reflecting the absence of open volume defects, as it shows the char-
acteristic steep decrease from annihilations occurring either at the
surface or the bulk in defect-free samples [41]. The S-parameter values
clearly increase after the single irradiations. As it can be seen, the effect
of the single He™ irradiation is much weaker than the changes induced
by the single Fe* irradiation. Fig. 12 also shows that for the He™ ir-
radiation the maximum differences with respect to the unirradiated
values shift to lower incident positron energies, indicating that irra-
diation induced defects are closer to the surface. The S-parameter of the
sequential He/Fe irradiation is considerably larger than the one for the
single He™ irradiation, approaching the S value after the single Fe™
irradiation. This is consistent with the larger amount of vacancy-type
defects created by the subsequent Fe* irradiation. However, it can be
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Fig. 12. a) S-parameter and b) W-parameter for the well-annealed Fel4Cr
model alloy before and after the dual sequential He/Fe irradiation at RT as a
function of incident positron energy. Results after single Fe* and He" irra-
diations from ref [19] are also given for comparison.

seen that in the energy range 5-20 keV the S-parameter for the dual
sequential irradiation is lower than for the single Fe* irradiation, with
a local minimum occurring at 9 keV. This would suggest that the type/
size of positron traps detected within this energy range (the one for
which He irradiation effects are evident) has changed with respect to
the single Fe* irradiation. The incident positron energy at the local
minimum (9 keV) corresponds to a mean implantation depth of
~170 nm, which is very close to the calculated maximum He con-
centration depth (~200 nm) as seen in Fig. 1, also coinciding with the
regions with higher bubble density observed by TEM. While the S-
parameter increase at 9 keV for the single Fe™ irradiation is 17.5%
higher than for the unirradiated bulk value, this difference is 13.6% for
the sequential irradiation. A possible explanation would be the coar-
sening of pre-existing He-vacancy complexes created during the He™
irradiation due to the subsequent Fe* irradiation, or migration of the
implanted He into the newly formed open-volume defects. In any case,
the characteristics of these He-vacancy complexes would be different
than vacancy clusters produced by the single Fe* irradiation.

These results are consistent with previous works. Troev et al. cal-
culated that the lifetime of positron in a-Fe containing He decreases
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monotonically depending on the He introduction in the iron vacancy-
cluster [42]. This was experimentally shown by Ramachandran et al. by
irradiating a RAFM steel with 130 keV He ions to fluences of 5 x 10'*
and 1 x 10'® ions/cm? and isochronally annealing them from RT to
973 K [43]. Sabelova et al. showed that for a He* irradiated Fel2Cr
alloy to a fluence of 1.25 X 10'® ions/cm? the S-parameter is higher in
the zone of maximum damage compared to the zone of maximum He
concentration [44]. Kogler et al. observed that the S-parameter of pure
Fe after simultaneous Fe/He irradiation is lower than in the case of a
single Fe* irradiation, attributing that to the presence of He in the
vacancy clusters [45]. Lu et al. showed that for a FeCrNi austenitic steel
irradiated with He ions to fluences of the order of 10'® ions/cm? at RT,
He-vacancy complexes formed in zone of maximum concentration of
He, which prevented the increase of the S-parameter at higher damage
dose [46]. A similar behaviour was observed in the work of Garcia-
Cortés et al, where a Fe14Cr model alloy was irradiated sequentially at
RT, first with Fe ions and then with He ions [18]. When comparing the
results obtained hereby with those from [18], the effect of the different
order of ions in sequential irradiations can be noted, with the S para-
meter of the Fe/He sequence being much lower than in the case de-
scribed here. Hence, while in the sample pre-irradiated with He some of
the He ions get trapped in the zone of maximum He concentration, in
the sample post-irradiated with He, it appears that all of the He ions are
being trapped by the Fe* irradiation induced open-volume defects in-
creasing the electron density in the traps, thus further lowering the S-
parameter.

At energies > 20 keV the S-parameter of the sequential irradiation
is very similar to the single Fe™ irradiated, with slightly lower values
that could indicate the remaining contribution of the shallower He-re-
lated traps. At 30 keV the S-parameter of the sequential irradiation has
the same value as the S-parameter of the single Fe™ irradiation, sug-
gesting that at this mean depth there are no more detectable positron
traps related to He. These results also appear to agree with TEM find-
ings, where the bubble density largely decreases towards regions deeper
than 300 nm.

The S and W-parameter values for the ODS steel in unirradiated
state as well as after the sequential He/Fe, single Fe* and single He™*
irradiations are shown in Fig. 13. The S-parameter of the unirradiated
ODS alloy has a flat profile indicating that it already contains uniformly
dispersed open-volume positron traps, in agreement with the findings
performed by P. Parente on the same unirradiated ODS steel [16]. The
sequential irradiation in the ODS steel induces less observable changes
compared to the Fe14Cr model alloy, similarly to what happens for the
single He* and single Fe* irradiations [19]. The much higher differ-
ence in the S-parameter values before and after irradiation obtained for
the model alloy compared to the ODS steel is due to the fact that the
model alloy contains initially almost no vacancy traps (particles, dis-
locations, etc), leading to a higher concentration and/or larger size of
vacancy clusters forming under the irradiation. The S-parameter values
for the sequential irradiation are very similar to the ones measured for
the single Fe™ irradiation (a maximum increase of ~6% with respect to
the bulk of the unirradiated sample), although they seem to be slightly
lower in the energy range 4-16 keV. This could be attributed to the
association of the open-volume defects with the implanted He ions.
However, unlike in the previously discussed model alloy, this difference
is quite small and the S-parameter in the case of the ODS sample does
not show a clear local minimum around the depth of maximum im-
planted He The small homogeneously dispersed Y-Ti nanoparticles
present in the ODS steel would inhibit the growth of vacancy clusters,
thus lowering the percentage increase of S-parameter values after the
single Fe* irradiation compared to the model alloy (6% in ODS com-
pared to 18% in Fel4Cr). These results would agree with the TEM
analyses previously discussed, which also suggest that there are less
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Fig. 13. Doppler Broadening results for ODS steel before and after the se-
quential He/Fe irradiation at RT. Results after single Fe™ and He ™" irradiations
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meter.

visible bubbles compared to the model alloy. In the sequential irra-
diation, the effect of the implanted He ™ followed by the Fe™ irradiation
is similar to the one observed in the model alloy, decreasing the anni-
hilations with low momentum electrons in the energy range where He
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Fig. 14. S/W plot for the model alloy and the ODS steel before and after the
sequential irradiations.
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effects could be detected. This suggests that similarly to what occurred
for the sequential irradiation in the Fel4Cr model alloy, He tends to
associate with open-volume defects created or enlarged by the Fe™ ir-
radiation, albeit the effect in the S-depth profile is not as visible due to
irradiation induced damage being much lower in the ODS steel.

Fig. 14 shows the S/W plot for the Fe14Cr model alloy and the ODS
steel after sequential irradiations along with their unirradiated coun-
terparts. The S/W points corresponding to irradiated alloys follow the
same trend as those for unirradiated samples. No clear effect of He-
vacancy complexes was observed, as the data points corresponding to
the energy range in which He concentration is maximum (7-12 keV)
are not grouped in any way.

4. Conclusions

The effects of a sequential dual He/Fe irradiation performed at RT
on a model Fel4Cr alloy and an ODS Fe14Cr2WO.3Ti ferritic steel were
investigated by TEM and PAS. The results are summarised below:

- The stability of the nanoparticles present in the ODS steel was in-
vestigated by TEM. The nanoparticles appear to be quite stable.
Their chemical compositions are qualitatively unaltered.
Nanoparticle mean sizes and number densities remain similar, al-
though size distribution histograms point to some coarsening.
TEM investigations of irradiation induced bubbles were performed
on both alloys. Only very small bubbles (< 2 nm) were detected in
both materials, the bubble number density clearly decreasing to-
wards regions deeper than ~300 nm in agreement with the simu-
lated SRIM profile. The majority of the bubbles are observed dis-
persed in the ferritic matrix. Although for these irradiation
conditions visible bubble sizes are similar for the ODS steel com-
pared to the model alloy, the lower visible number density measured
for the ODS steel as compared to the model alloy would point to
bubbles being below the detection limit in the ODS steel.

- The DB PAS investigations performed on the model alloy suggest
association of He with the newly formed vacancy-type defects in-
troduced by the subsequent Fe* irradiation either by coarsening of
the He-vacancy complexes or migration of pre-implanted He atoms.
In the case of the ODS steel, PAS analyses show that the nanoparticle
dispersion, as well as the other vacancy traps present in its complex
microstructure, help reducing the irradiation induced damage. The
He trapping effect in the newly formed open-volume defects is still
present, although not as visible compared to model alloys.
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