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a b s t r a c t

Different ODS RAF steels with nominal composition Fee14Cre2We0.3-Tie0.3Y2O3 (wt%) and a model Fe
e14Cr (wt%) alloy have been subjected to single Feþ or Heþ ion irradiations to simulate the effect of a
fusion environment at different doses and temperatures. The irradiation induced open volume defects
have been characterised by positron annihilation spectroscopy and transmission electron microscopy. For
low temperature Feþ irradiations, positron annihilation spectroscopy results show a high concentration
of irradiation induced vacancy clusters, much more evident in the model alloy as compared to the ODS
steels. The extent of damage due to Heþ irradiations at RT and high temperatures is considerably lower
than for the Feþ irradiations. Regardless of the temperature Heþ irradiations introduced changes in the
chemical environment of open-volume positron traps possibly due to the creation of He-vacancy com-
plexes. Positron annihilation spectroscopy results also suggest that irradiation induced vacancy-type
defects in ODS steels are not associated with nanoparticles but are mainly in the ferritic matrix. The
presence of irradiation induced bubbles was studied after Heþ irradiation at high temperatures. Small
bubbles were observed, being smaller in the ODS steels as compared to the model alloy.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Nuclear fusion energy is nowadays considered one of the most
promising alternatives for the fossil fuels that could satisfy both the
increasing demand for energy across the globe and the reduction of
CO2 emissions and their effects on climate change [1,2]. At present,
the experimental fusion reactor ITER, a tokamak magnetic
confinement device, is being built in the southern part of France
within a collaboration of 35 nations, as a crucial project for
advancement of fusion reactors knowledge [3].

In-vessel structural materials of a nuclear fusion reactor will be
subjected to high mechanical, electromagnetic and heat loads, and
high neutron fluxes. Chosen materials will have to sustain the
damage produced by the 14 MeV neutron irradiation, temperatures
up to 700 �C, and large amounts of He produced in the material by
versidad Carlos III de Madrid,
pain.
ovi�c).
transmutation reactions [4,5]. The materials need to have good
mechanical behaviour at high temperatures, withstand high heat
flux and thermal shocks, and have a good thermal conductivity and
resistance to radiation damage. They should also satisfy the
requirement of low activation so that if activated during the oper-
ation lifetime the half-life will be so small that after 50e100 years
the radioactivity will be negligible [6]. Under neutron irradiation,
the diffusion, agglomeration and interaction of existing and newly
introduced interstitials and vacancies can profoundly change the
properties of the material. Hence when designing radiation resis-
tance materials for nuclear reactors there are some design options
to be considered: use of matrix phases that show radiation toler-
ance, materials in which diffusion of vacancies is low at operational
temperatures or materials with high densities of point defect sinks
[7].

The performance of reduced activation ferritic-martensitic and
ferritic steels for nuclear applications can be improved by oxide
dispersion strengthening with small particles of Y2O3 and/or other
rare earth oxides dispersed throughout the matrix [8e12]. Oxide
dispersion strengthened (ODS) steels are characterised by a high
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Table 1
Fabrication parameters.

Name Nominal Composition
(wt%)

Mechanical alloying Processing Heat treatment Mean size of YeTieO
(nm)

Number density of YeTieO
( � 1022 m�3)

Fe14Cr Fee14Cr e Vacuum melted,
Hot rolled

850 �C, 2 h e e

ODS1 Fee14Cre2W-0.3Ti-0.3Y2O3 Planetary ball mill
Precursor Y2O3

HIP 2 h, 1100 �C, 200 MPa
Forged 1150 �C

850 �C, 2 h 8 ± 5 2.4 ± 0.5

ODS2 HIP 2 h, 1100 �C, 175 MPa
Hot Cross Rolled 1200 �C

1000 �C, 2 h 4 ± 2 6.3 ± 1.1

ODS3 Attritor mill
Precursor Fe2Y

HIP 2 h, 1100 �C, 175 MPa
Hot Cross Rolled 900 �C

800 �C, 2 h 8 ± 6 14 ± 3
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density of dislocations and fine grains. They exhibit superior high
temperature tensile and creep properties when compared to
reduced activation ferritic-martensitic (RAFM) steels [13].
Dispersed nano-oxides could act as traps for irradiation-induced He
bubbles, thus inhibiting void swelling at high temperatures and
accumulations at grain boundaries causing embrittlement. Small
He bubbles can also act as centres for recombination of self-
interstitials and vacancies [12]. This mechanism, however, might
be different as helium-vacancy clusters may absorb vacancies, or
absorb helium, depending on the He/vacancy ratio [14].

Neutron irradiation damage, coming from the damage induced
by the primary knock-on atom, can be simulated by using heavy ion
irradiation. Ion irradiation experiments are performed in a very
controlled manner with well-defined temperature, energy and
dose while avoiding high residual radioactivity [15], although the
damage is confined to the near-surface regions, being non-uniform
and with deposition of foreign ions. Self-ion irradiation is often
employed in order to obtain a high amount of displacement dam-
age without introducing impurities into the sample. The effects of
He and H transmutation gasses on the irradiated material can also
be investigated employing He and H irradiations which help to
inform and calibrate models and to understand key processes
behind radiation damage [16].

During the last decades there has been an considerable effort to
characterise the effects of irradiation on RAFM, reduced activation
ferritic (RAF), and ODS steels, (see for instance Refs. [9,17e19] and
references therein), and to correlate those results with theoretical
models describing the mechanisms governing the defect evolution
and helium migration/retention [20e23]. However, the prediction
of the radiation microstructure has yet to be accomplished and
more investigations are necessary to clarify the effect of irradiation
on thesematerials as a function of dose, dose-rate and temperature.
The main objective of this work is to investigate the irradiation
induced damage, focusing in open volume defects and irradiation
Fig. 1. Implantation profile and damage distribution as a function of depth calculated by SR
(open symbols) and 0.5 dpa (full symbols).
induced bubbles, of ODS RAF steels and a model Fe14Cr alloy sub-
jected to ion irradiations. For this purpose, single (Feþ or Heþ), ion
irradiations have been carried out at different doses and temper-
atures. The vacancy-type defects and bubbles induced by the irra-
diations have been characterised by slow Positron Annihilation
Spectroscopy (PAS) and Transmission electron microscopy (TEM).
2. Experimental

Four different alloys have been investigated in this work; a
model alloy (referred to as Fe14Cr) with nominal composition Fe-
14 wt%Cr produced by Goodfellow. The material was vacuum
melted, cast and rolled with annealing taking place during the
processing. Its microstructure consists of dislocation-free large
(~100 mm) equiaxed grains. Three different ODS steels with the
same nominal composition Fee14Cre2W-0.3Ti-0.3Y2O3 (wt%),
named as ODS1, ODS2 and ODS3, were produced by mechanical
alloying, consolidated by hot isostatic pressing (HIP), processed
either by forging or hot (cross) rolling and subsequently heat
treated. Their detailed fabrication process can be found in
Ref. [24e26]. Table 1 shows the most relevant fabrication param-
eters for each alloy. ODS1 shows a bimodal grain structure with
recovered grains (sizes < 15 mm) and unrecovered submicron
grains, while ODS2 and ODS3 show elongated partially recovered
grains, most of them with submicron sizes, being the grain struc-
ture more homogeneous in ODS2. Apart from CreW-rich carbides
and Ti-rich oxides, YeTieO nanoparticles were observed homo-
geneously distributed in all the investigated ODS alloys. Their mean
sizes and densities are also shown in Table 1.

Single Feþ ion irradiations were carried out in the Standard
multipurpose line using 1 MeV Feþ ions at RT up to a fluence of
6.5 � 1015 ions/cm2 at the CMAM facility [27,28]. Fig. 1a shows the
implanted ions and damage profiles obtained from SRIM calcula-
tions. It must be noted that SRIM calculations are performed at 0 K
IM for a) 1 MeV Feþ ions and b) 50 keV Heþ ions up to a maximum damage of 0.3 dpa



Fig. 2. a) S-parameter and b) W-parameter for pure Fe, the model Fe14Cr alloy and the
ODS1 steel before and after the RT Feþ and RT Heþ irradiations as function of the
incident positron energy.

Fig. 3. Positron implantation profiles calculated for an Fe14Cr alloy at different posi-
tron energies.
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so temperature effects are not taken into account, which can affect
the actual depths of the damaged regions. The maximum damage
peak obtained for this ion energy (Bragg peak) is located at around
300 nm from the sample surface. The maximum damage at the
Bragg peak estimated using the Full Damage Cascades mode is 15
dpa. Displacement energies of 40 eV were used for Fe and Cr,
following the ASTM standard E 521-96.

Heþ ion irradiations were performed at room temperature and
400 or 450 �C at the ion implanter in CIEMAT. Samples were irra-
diated with 50 keV Heþ ions up to fluences of 6.5 � 1015 ions/cm2

and 1016 ions/cm2. Fig. 1b shows the implantation profiles and
damage distributions for these irradiations, as calculated by SRIM.
The maximum He concentration reaches 4700 appm and
8000 appm at around 200 nm. The maximum damages, (0.3 dpa or
0.5 dpa respectively), are located at 160 nm (Bragg peak). As ex-
pected, the damage produced by Heþ ions is much lower than the
one induced by the heavier Feþ ions.

Slow positron annihilation Doppler Broadening (DB) and
Coincident Doppler Broadening (CDB) experiments were per-
formed at NEPOMUC using positrons with energies up to 30 keV
[29]. DB experiments were performed as a function of the incident
positron energy, allowing to obtain depth profiles, while CDB ex-
periments (more precise but also more time consuming) were
realised only at selected positron energies. DB of the annihilation
line gives information of the electron momentum by detecting
gamma photons from the annihilation peak centred at 511 keV. The
obtained spectrum is usually characterised by S andW parameters.
The S-parameter is calculated as the ratio between the area of the
central portion of the peak and its total area and hence quantifies
the portion of positrons that have annihilated with lower mo-
mentum electrons. If the material contains open volume defects,
they will trap positrons that will subsequently annihilate more
likely with the low-momentum valence electrons, thus having a
smaller deviation from 511 keV. This will result in a narrower dis-
tribution of the DB photo peak and hence an increase of the S-
parameter. TheW-parameter is the ratio of the high-energy portion
of the peak and the total peak. It corresponds to the portion of
positrons that have annihilated with the core electrons, which have
higher momenta. The central window used for the S-parameter
calculation was 1.632 keV, while the W-parameter was obtained
from the higher momentum region in a range chosen from 514.26
to 515.9 keV. In order to remove the extensive background noise
produced mostly by Compton scattering, and thus have a better
resolution of the annihilationwith high momentum core electrons,
CDB uses two high purity Ge detectors detecting both annihilation
gamma photons in coincidence. CDB spectra are usually normalised
and presented as the ratio to a reference material with respect to
the longitudinal component of the electron momentum. They can
provide chemical information on the atoms surrounding the
annihilation site [30]. The count rate of these measurements was
about 300 s�1. The total accumulated counts per spectrum were
about 107.

Electron transparent samples for TEM observations were pre-
pared by Focused Ion Beam (FIB). Thin lamellae were obtained by
the lift-out technique with Pt deposition. The system was a Zeiss
Auriga Compact scanning electron microscope equipped with a
30 kV Ga ion gun. Lower ion acceleration voltages (15e5 kV) were
used in the final polishing stage to minimise surface damage.

TEM characterization was carried out using a JEOL JEM 3000F



Fig. 4. a) CDB ratios to pure Fe of unirradiated and irradiated Fe14Cr and ODS1 steel. b)
CDB ratios of irradiated Fe14Cr and ODS1 steel to their respective unirradiated
samples.
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microscope equipped with an X-ray energy dispersive spectrom-
eter (XEDS) and an electron energy loss spectrometer (EELS)
operated at 300 kV. Bubble number densities and sizes were
measured from through-focal series in volumes in the order of
10�22 m3. Bright field (BF) TEM images were under-focused or over-
focused by 500 nm. The thicknesses of the regions analysed by TEM
were obtained from EELS spectra.
3. Results and discussion

3.1. Characterization of defects by (C)DB PAS

3.1.1. DB results after room temperature Fe ion irradiation
Fig. 2a and b display the S and W parameters as a function of

incident positron energy for the model alloy and the ODS1 steel
after the Feþ irradiation at RT, together with the values measured
for reference samples of the unirradiated alloys and well annealed
pure Fe. The S-parameter of the unirradiated well-annealed model
alloy is very similar to the S-parameter of pure Fe. Since the bulk
values of S-parameter (as well as W-parameter, Fig. 2b) are almost
equal in both samples DB momentum curves seem to be not sen-
sitive to chromium content of the alloys. The S and W-parameters
of the unirradiated ODS1 alloy show profiles only slightly
increasing and decreasing towards the bulk. The slight slope might
be interpreted as a small concentration profile of open-volume
positron traps which could stem from the sample preparation. In
the bulk, the S-parameter for the ODS sample lies higher than for
the well annealed Fe14Cr alloy. This result is similar to the S-depth
profiles reported for other commercial ODS steels [31]. It also
agrees with positron lifetime measurements, as the same unirra-
diated ODS materials have a higher positron lifetime of 200 ps
while for the bulk of pure, defect-free Fe and Fe14Cr that value is
~106e108 ps and ~109 ps, respectively [32e34]. For positron en-
ergies <10 keV, the S-parameters of the model alloy and pure Fe lie
above the ones for the ODS sample. It is known that in materials
with lownumber of defects, positron diffusion lengths are longer so
more positrons could diffuse back and annihilate near the surface,
giving rise to the S-parameter associated with surface annihilation.

Results of the PAS DB measurements for all irradiated alloys
show an increase of the S-parameter values in the entire positron
energy range. This means that the fraction of positrons annihilating
with low momentum electrons has increased, indicating the pres-
ence of open volume defects created by the irradiation. The S-
parameter profiles of all irradiated samples exhibit a wide
maximum region located around 4e22 keV. In Fig. 3 the implan-
tation profiles of positrons for different positron energies have been
calculated for an Fe14Cr alloy, according to the Makhovian distri-
bution [35e37]. The obtained profiles indicate the spatial distri-
butions of positrons in the sample after slowing down and
thermalization, just before diffusion takes place. As it can be seen,
the implantation range of positrons increases with increasing en-
ergy. The mean range for 12e14 keV positrons corresponds to im-
plantation depths of 270e350 nm. These values agree very well
with the Bragg peak of the Feþ irradiation calculated by SRIM
(damage profile shown in Fig. 1a) that is estimated to be around
300 nm. In Fig. 1a it is seen that the irradiation induced damage
extends up to 600 nm. Therefore, at positron energies higher than
20 keV, the fraction of positrons implanted deeper than 600 nm
will become predominant. The increasing contribution from the
unirradiated layers is reflected in the S-parameter values that start
to decrease towards the bulk value for energies >20 keV. In any case
at the highest positron energies there is still an observable influ-
ence of damaged layers, due to the smearing of the positron im-
plantation profile. Due to the broadening of the implantation
profile of higher energy positrons (Fig. 3), the S-parameter value in
the bulk region for the irradiated sample will have some contri-
bution of the shallower, more damaged region [38]. The difference
between the S-parameter in the zone of maximum damage post
irradiationwith respect to the bulk value of an unirradiated sample
is ~18% for Fe14Cr and ~6% for the ODS alloy. The much higher S-
parameter values obtained in the model alloy indicate a higher
concentration and/or larger vacancy clusters forming under the
irradiation. The lower increase in the ODS alloys reflects the impact
that Y rich nanoparticles, alongside with other sources of vacancy
traps (grain boundaries, dislocations, precipitates, etc.) have on
reducing the irradiation damage.

3.1.2. DB results after room temperature He ion irradiation
The model alloy and the ODS1 steel were irradiated with 50 keV

Heþ ions at RT to 8000 appm. Fig. 2 shows the DB S and W line
parameters as a function of the positron incident energy, for both
alloys. As it is shown in Fig. 2a, an increase of the S-parameter is
observed for both materials, the reverse happening in W-param-
eter (Fig. 2b). As expected, the effect of the Heþ irradiation is



Fig. 5. a) SeW* correlation (where W* corresponds to (7-12) � 10�3 m0c) and b) SeW
correlation (where W corresponds to (12e20) � 10�3 m0c) from CDB measurements.

Fig. 6. a) S-parameter and b) W-parameter of the Heþ irradiated Fe14Cr model alloy
relative to unirradiated bulk values.
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weaker than the changes induced by the Feþ irradiations due not
only to the much smaller amount of open-volume defects being
created but also to the presence of helium atoms in the defects
which reduces the positron trapping rate [39,40].

In the irradiated Fe14Cr alloy, there is an increase of the S-
parameter in the range of 2e22 keV with respect to the unirradi-
ated sample. However, it does not show a clear maximum and
follows the surface-bulk trend of the unirradiated one. This in-
crease of S-parameter, measured at 7 keV, is ~9.5%. At energies
higher than 22 keV there are no differences between the irradiated
and the unirradiated samples. The Bragg peak for this irradiation is
calculated by SRIM to be ~160 nm, and the damage done by Heþ is
0.5 dpa, therefore there are less irradiation induced defects and
they are closer to the surface, as compared to the previously dis-
cussed Feþ irradiations. The S-parameter characteristic of helium
bubbles would also be smaller than the value corresponding to
empty voids.

Post-irradiation increase of the S-parameter for the ODS1 steel
is ~3.3% in the zone of maximum damage. Veternikova et al. ob-
tained an increase of ~7% in the commercial ferritic ODS steel MA
957 (13.7% Cr content) after He irradiation with much higher dose
and ion energy [41]. As in the Feþ irradiation, the difference with
respect to the unirradiated sample is smaller in the ODS steel than
in the model alloy, so it appears that Y rich nanoparticles act as
recombination sites for irradiation-induced vacancies and
implanted He atoms, thus inhibiting growth of vacancy clusters,
which would lead to a rise of the S-parameter.
3.1.3. CDB results
CDB profiles were obtained for the ODS1 steel Feþ irradiated at

RT, Fe14Cr and the ODS1 samples Heþ irradiated at RT, and for the
Fe14Cr alloy Heþ irradiated at 400 �C, as well as for their unirra-
diated counterparts. For the unirradiated samples the profiles were
obtained at positron energy of 30 keV to probe the bulk, while for
the Feþ and Heþ irradiated samples the CDB measurements were
done at 18 keV and 7 keV, respectively.

CDB ratio profiles with respect to pure annealed Fe are shown in
Fig. 4a. The unirradiated CDB curve for the model alloy is similar to
the reference pure Fe, indicating a well annealed sample with little
to no open volume defects. The high momentum part of the CDB
curve for the unirradiated ODS sample shows a local minimum at
~17 � 10�3 m0c followed by a broad peak centred at ~30 � 10�3

m0c, very similar to the ratio curve of yttrium, whichwould point to
positrons being annihilated in the presence of mainly Y rich



Fig. 7. SeW correlation for unirradiated and irradiated Fe14Cr obtained from DB
measurements at incident positron energies in the ranges 6e30 keV (unirradiated) and
6e18 keV (irradiated).

Fig. 8. a) S parameter and b) W parameter of all the Heþ irradiated ODS samples
relative to unirradiated bulk values.

Fig. 9. Normalised SeW correlation for irradiated ODS steels obtained from the single
DB measurements at incident positron energies in the 6e18 keV range.
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positron traps, in agreement with previous publications on ODS
steels [42,43].

The lower momentum (pL < 5 � 10�3 m0c) portions of the CDB
curve for the Feþ irradiated ODS sample is lying higher than the one
for the non-irradiated suggesting an increase in number/size of the
open volume defects. The shape of the higher momentum region of
the Feþ irradiated ODS sample remained similar to its unirradiated
counterpart, indicating that the chemical surrounding of the
annihilation site does not change after the irradiation. This can be
better intuited in Fig. 4b, where the CDB ratios profiles of the un-
irradiated samples with respect to their unirradiated counterparts
in the momentum region (0-25) � 10�3 m0c are depicted. As it can
be seen, the ratio profile for pL > 5 � 10�3 m0c of the Feþ irradiated
ODS sample is relatively flat and stays below one for the whole
region considered. This is consistent with the existence of more
open volume defects than in the unirradiated material (less anni-
hilations with core electrons) without a significant change of the
chemical environment of the positron traps.

At low momentum, the CDB ratio curve to pure iron (Fig. 4a) of
the Heþ irradiated Fe14Cr sample at RT lies higher than for its
unirradiated counterpart reflecting open volume defects created by
the He ions. For higher momentum values, the profile of the CDB
curve of the Fe14Cr Heþ irradiated sample has a local minimum
around 15 � 10�3m0c and a local maximum around 22 � 10�3m0c.
The CDB ratios to the unirradiated samples depicted in Fig. 4b show
that the behaviour of the CDB curve of the Heþ irradiated Fe14Cr at
RT is slightly different from what Anwand et al. observed for a
model Fe14Cr alloy irradiated with Feþ at �80 �C, also shown in
Fig. 4b [44]. This would point to a change in the chemical envi-
ronment of open-volume traps due to the Heþ irradiation, possibly
due to the creation of He-vacancy complexes. Theoretical calcula-
tions of DB profiles of He-vacancy complexes in bcc iron have been
performed by Sabelov�a et al. [45,46]. The calculated DB profiles
show a distinctive He signal in the region 5e12 � 10�3m0c, with a
peak in the CDB ratio profiles to pure Fe > 1 that is absent in the
curves calculated for single vacancies and empty vacancy clusters.
They also show a very good correlation with experimental mea-
surements of CDB ratio profiles to unirradiated samples in a Heþ

implanted Fe12Cr alloy and a spallation irradiated Eurofer97 steel.
However, this effect is not evident in the Heþ irradiated Fe14Cr ratio
curve shown in Fig. 4b, possibly due to the lower fluences and
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energies of the irradiations carried out in this work which would
generate less damage, less He concentration and shallower im-
plantation profiles.

CDB profile for Heþ irradiated Fe14Cr model alloy at 400 �C is
also shown in Fig. 4a. In the low momentum region, CDB curve of
the irradiated sample shows an increase in open volume defects
due to the irradiation. In the higher momentum region, the profile
of the irradiated Fe14Cr model alloy shows a similar local minimum
to the one for the Fe14Cr alloy irradiated with Heþ at RT although
less pronounced. However, there is a clear shift in the local
maximum position, being much closer to the unirradiated Fe14Cr
alloy than in the case of the RT irradiation. The ratio profile in
Fig. 4b also shows that the difference with respect to the Feþ irra-
diated Fe14Cr alloy in the higher momentum region becomesmuch
more evident than in the case of the sample Heþ irradiated at RT.

In the case of the Heþ irradiated ODS sample at RT, the CDB ratio
profile to pure iron undergoes a change with respect to its unirra-
diated profile e its local minimum is slightly shifted from
17 � 10�3m0c to 15 � 10�3m0c and it has a new local maximum at
22 � 10�3m0c. Fig. 4a shows that the CDB profiles of the two Heþ

irradiated samples at RT are almost identical indicating a similar
chemical environment. This would imply that the positron traps in
the ODS1 steel after this Heþ irradiation are not associated with the
nanoparticles being most probably He-vacancy complexes mainly
located in the ferritic matrix. The corresponding CDB ratio to the
unirradiated ODS sample shown in Fig. 4b also shows a significant
changewith respect to the Feþ irradiated ODS sample. Although the
He signal in the 5e12 � 10�3m0c cannot be detected, a peak ap-
pears for higher momentum regions.

The correlation between the annihilation parameters S and W
can be used to discriminate between different positron traps.
Following [46] three lineshape parameters have been obtained
from the CDB measurements; S in the low momentum region
(0e2.5) � 10�3 m0c, W in the higher momentum region
(12e20) � 10�3 m0c, and W* in the region corresponding to the He
fingerprint (7-12) � 10�3 m0c. Fig. 5a and b depict the SeW* and
SeWplots for all CDB measurements realised. From the SeW* plot
very little information can be extracted; all the data lie almost in
one single line, with higher S values corresponding to higher con-
centration or growth of open volume defects, but no more visible
differences between the defects produced by the Heþ irradiations
and the Feþ irradiations. This would again indicate that the defect
structure generated by the Heþ irradiation
Fig. 10. BF-TEM image of the Heþ irradiated Fe14Cr alloy at 400 �C showing a defect fringe ra
to the Pt layer deposited on the sample surface in the FIB process.
ns carried out in this work is below the detection limit of the He
signal in this region. However, in the case of the SeW plot (Fig. 5b)
two distinct trends can be observed: the SeW value from the Heþ

irradiation at RT in the ODS1 steel does not lie in the same line that
connects the Feþ irradiated value with the unirradiated ODS1, but it
fits with the line connecting the two values obtained for the Heþ

irradiated Fe14Cr alloy. On the other hand, it is not possible to fit
these two data with the unirradiated Fe14Cr value. This behaviour
could be evidence of a different chemical environment surrounding
the defects in the Heþ irradiated Fe14Cr alloy, being of similar na-
ture than the defects detected in the Heþ irradiated ODS1 steel. A
similar change of slope correlated with the presence of He is
observed in theoretical SeW* plots for pure iron [47]. The results
obtained agree with CDB studies performed in proton and neutron
irradiated ferritic martensitic steels where a change in the slope of
the SeW plots is evidenced when gas atoms are produced during
the irradiation [48].
3.1.4. DB results after high temperature He ion irradiations
Themodel Fe14Cr alloy and ODS1 steel were irradiated at 450 �C

to a maximum He concentration of 8000 appm. Another sample of
the Fe14Cr model alloy, the ODS2 and ODS3 steels were irradiated
at 400 �C to a maximum He concentration of 4700 appm.

DB S andW profiles of the Heþ irradiated Fe14Cr model alloy are
shown in Fig. 6 normalised to bulk values. The S-parameters of the
Fe14Cr sample irradiated with Heþ at 400 �C and 450 �C are very
similar and show a similar trend as the S-parameter of the Fe14Cr
sample irradiated at RT (Fig. 2). The increase in S-parameter for
400 �C and 450 �C irradiations, in the zone of maximum damage
(Bragg peak calculated to be ~160 nm), are 8% and 7.3% respectively
which is comparable to the change in the case of the RT irradiation
(9.5%). It should be pointed out that the dose in the case of Heþ

irradiation at 450 �C is double compared to the case of 400 �C
irradiation, hence it appears that in the zone of maximum damage
either a saturation of positron traps or some annealing is taking
place at 450 �C. The SeW plots for all irradiated Fe14Cr samples
obtained from the single DB measurements are depicted in Fig. 7 in
the range 6e18 keV together with the values for unirradiated
Fe14Cr in the range 6e30 keV. Although more noisy than the SeW
plots obtained from CDB measurements, some changes can be
observed. As it can be seen, the data corresponding to the Heþ ir-
radiations that have the highest S values (which would indicate an
increase or growth of vacancy-type defects) show a small deviation
nging between 150 and 240 nm of depth. The darker bottom of the images corresponds



Fig. 11. Through-focal series of three regions in the Heþ irradiated Fe14Cr alloy at 400 �C: a)-c) a region outside the bubble fringe towards the surface at ~100 nm from it (Pt layer
marked by an arrow) (thickness 74 ± 15 nm); d)-f) a region inside the bubble fringe at ~200 nm from the surface (inset showing magnified bubbles) (thickness 160 ± 30 nm) and g)-
i) a region outside the bubble fringe deeper in the sample at ~300 nm from the surface (thickness 150 ± 30 nm).
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from the line connecting the unirradiated and Feþ irradiated values,
that could be due to the presence of He-vacancy complexes, being
more evident in the Heþ irradiation performed at highest dose and
temperature.

Fig. 8 shows PAS DB results of all the ODS samples Heþ irradiated
relative to their unirradiated state. The S-parameter profiles for
ODS1 after Heþ irradiations at 450 �C and RT, both to the same dose
(8000 appm maximum He concentration), are presented together
with the profiles for the ODS2 and ODS3 steels irradiated at 400 �C
to a maximum He concentration of 4700 appm. Unlike the previ-
ously discussed model alloy, the ODS1 steel shows the effect of the
temperature of irradiation on the creation of new traps. The S-
parameter of the sample irradiated at 450 �C presents a more
pronounced maximum at ~7 keV, being its value 5.2% higher than
bulk value. For the RT irradiation that increase was 3.3%. It has to be
taken into account that while the Fe14Cr alloy was almost defect
free in the unirradiated state, the ODS steel already contained a
high density of nanoparticles, grain boundaries and dislocations
that have been proven to trap and stabilise a significant population
of vacancy clusters [32]. These microstructural features present in
the ODS alloys could therefore be also acting as effective He and
vacancy sinks coming from the irradiation.

The increase of the S-parameter in the ODS2 and ODS3 steels is
very similar, ~3.5% and ~2.8% respectively, which are lower than in
the case of the ODS1 steel. The different behaviour as compared to
the model alloy would imply that there is a transition in the irra-
diation induced defects in the ODS steels when increasing dose and
temperature in the ranges 6� 1015e1016 ions/cm2 and 400e450 �C.
Fig. 9 shows the relative SeW plots for all irradiated ODS samples
obtained from the single DB in the range 6e18 keV. However, data



Fig. 12. Bubble size distribution in the Heþ irradiated alloys at 400 �C. a) Fe14Cr, b)
ODS2 and c) ODS3.

Fig. 13. BF-TEM image of the ODS2 steel irradiated with Heþ at 400 �C. The arrow
marks the Pt layer deposited during the sample preparation.
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show too much scatter to identify clearly any change in the SeW
correlations that could be attributed to different type of defects.
Future PAS experiments regarding characterization of CDB profiles
from the Heþ irradiated ODS steels at 400e450 �C will help to
clarify the changes observed.
3.2. TEM characterization of bubbles induced by He ion irradiations
at 400 �C

3.2.1. Fe14Cr
A series of low magnification general images of the Fe14Cr

model alloy irradiated at 400 �C (Fig. 10) show a clear defect fringe
at the depth that coincides with the location of the maximum
estimated damage. The Bragg peak calculated by SRIM is located at
~160 nm from the surface and the area of the maximum concen-
tration of He is at ~200 nm. No visible bubbles were detected at
these magnifications. The presence of small He bubbles was
investigated at higher magnifications in five regions, three of which
were inside the fringe, one region closer to the surface and one
deeper into the sample (see Fig. 11). The through-focal series done
confirmed the existence of a homogeneous distribution of small
bubbles inside the fringe (Fig. 11 d to f). In the under-focused im-
ages bubbles appear with bright contrast, while in the over-focused
they appear with a dark one. In the region deeper into the sample
(~300 nm) there were no visible bubbles. Their number density was
estimated by counting the number of bubbles in both over-focused
and under-focused images. The final number was then obtained by
calculating themean value. The three regions located ~200 nm have
bubble number densities ranging from (2.8 ± 0.8) � 1023 m�3 to
(5.7 ± 1.1) � 1023 m�3. It has to be noted that this type of mea-
surements has some inherent imprecision. Small changes in BF
imaging conditions could lead to slight changes in the number of
visible bubbles. Their size distribution is shown in Fig. 12a. The
mean size of the measured bubbles is 1.4 ± 0.3 nm, with all of them
being smaller than 2.5 nm. These results are in general agreement
with previous reported sizes and number densities of He bubbles
measured in an Fe14Cr alloy after Heþ irradiation at 500 �C up to
6.5 � 1016 ions/cm2 where the mean size was 2.8 nm and the
number density 7.3 � 1023 m�3 respectively [49]. At this irradiation
temperature there appears to be diffusion of He towards the surface
as in the region 100 nm away from the surface there is a homo-
geneous distribution of bubbles. Their mean size is similar to the
one measured in the regions in the vicinity of maximum concen-
tration of He, being 1.2 ± 0.2 nmwhile the number density is lower,
(3 ± 2) � 1023 m�3.

3.2.2. ODS2
Fig. 13 shows the microstructure of the ODS2 steel after the

irradiation. No clear defect fringe was observed in this case. This
could be due to the much more complex microstructure present in



Fig. 14. Through-focal series of a region at the highest He concentration in the Heþ irradiated ODS2 steel at 400 �C: a) under-focused image by 500 nm, b) in-focus image and c)
over-focused image by 500 nm. The thickness of the region is 34 ± 7 nm.

Fig. 15. BF-TEM image of the ODS3 steel irradiated with Heþ at 400 �C. The arrow marks the Pt layer deposited during the sample preparation.
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the ODS steel, although no further orientation studies were
accomplished. The presence of irradiation induced bubbles was
investigated in six regions located in the vicinity of the maximum
He concentration (~200 nm from the surface). Through-focal series
of bubbles induced by the 400 �C Heþ irradiation are shown in
Fig. 14. Bubble number densities measured in two regions were
(10 ± 2) � 1023 m�3 and (11 ± 2) � 1023 m�3. The mean size of
bubbles was 1.1 ± 0.2 nm and the maximum size measured was
below 2 nm. The bubble size distribution is shown in Fig. 12b. These
results are in agreement with what was previously observed by
Edmondson et al. in a ferritic ODS steel irradiated with Heþ at
400 �C where the mean size of bubbles was 2 ± 1 nm [50]. These
densities are higher than what was observed for the previously
discussed Fe14Cr sample at the same depth, while the sizes of
bubbles are slightly smaller. There was no clear association be-
tween bubbles and nanoparticles in the studied areas, appearing
homogeneously dispersed within the matrix. This is supported by a
previous study done for a nanostructured ferritic alloy of similar
composition, irradiated with Heþ at 400 �C, in which it was found
that ~94% of bubbles with mean size of 1.0 ± 0.6 nmwere located in
the ferritic matrix of the sample [51].
3.2.3. ODS3
In this sample, similarly to the previously discussed ODS2 steel,

there was no visible defect fringe induced by this irradiation, as can
be seen in Fig. 15. The through focal series of regions nearby the
area of maximum He concentration are shown in Fig. 16. Five
different regions were studied, and it can be observed that in the
region deeper into the sample (Fig. 16 g-i) there are few visible He
bubbles.

Number densities measured in four different regions of the
sample ~200 nm depth ranged from (3.8 ± 1.3) to
(12 ± 3) � 1023 m�3. Towards the surface of the sample, the density
is also very high, being (10 ± 2)� 1023 m�3. Most of the bubbles are



Fig. 16. Through-focal series of three regions in the Heþ irradiated ODS3 steel at 400 �C: a)-c) a region outside the bubble fringe towards the surface at ~100 nm (the arrow is
marking the direction towards the surface) (thickness 60 ± 12 nm); d)-f) a region inside the bubble fringe at ~200 nm (inset showing bubbles attached to a nanoparticle) (thickness
61 ± 12 nm) and g)-i) a region outside the bubble fringe deeper in the sample at ~300 nm from the surface (thickness 110 ± 20 nm).

Table 2
Mean sizes and mean number densities of irradiation induced bubbles created by Heþ irradiation at 400 �C.

Sample Mean bubble size (nm) Mean number density of bubbles ( � 1023 m�3)

Fe14Cr 1.4 ± 0.3 4 ± 1
ODS2 1.1 ± 0.2 10 ± 2
ODS3 1.2 ± 0.2 8 ± 2
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located in the matrix although some of them can also be seen
attached to nanoparticles (see Fig. 16 d). The bubble size distribu-
tion is shown in Fig. 12c, where the mean size is 1.2 ± 0.2 nm, and
the maximum diameter observed is below 2 nm, similar to the
previously described ODS2 steel, regardless of their different pro-
duction processes. This agrees with the PAS results for both ODS2
and ODS3 steels after the 400 �C Heþ irradiation, where S-param-
eters of both irradiated samples are very similar.

Table 2 shows mean sizes and mean number densities
(measured in the area of estimated maximum concentration of He)
of the three investigated alloys irradiated with Heþ at 400 �C up to
6.5 � 1015 ions/cm2. The sizes of bubbles visible by TEM are similar
for the two ODS steels and smaller than the ones found for the
model alloy. Bubble number densities are higher for the two ODS
steels than for the model alloy, although the order of magnitude
remains the same. This suggests that ODS steels are effective in
reducing the coarsening of bubbles created under these irradiation
conditions. These results imply that although few nanoparticles
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were observed attached to bubbles, their presence (together with
the overall complex microstructure of ODS steels) modifies the
evolution of vacancies and He-vacancy complexes generated by the
irradiation, preventing significant bubble growth.

4. Conclusions

The main findings of the present study are summarised as
follows:

- PAS has been applied to characterise the defects induced by Feþ

irradiation at room temperature on the model alloy and the
ODS1 steel. For all the samples, the S-parameter value was
higher after irradiation, indicating an increase of the concen-
tration of vacancies or the size of the vacancy clusters under
these irradiation conditions. The DBmeasurements showed that
the S-parameter increase for the ODS alloy after irradiation is
lower than in the case of the model alloy, and the CDB profile of
the irradiated ODS1 steel suggests the existence of traps asso-
ciated with the Y signal. These results confirm the role of the Y
rich nanoparticles, by acting as vacancy sinks or pinning them,
in hindering the creation of bigger vacancy clusters.

- The effect of Heþ irradiation at room temperature is weaker as
compared to the Feþ irradiation. The change is more obvious in
the model alloy. CDB profiles point to some irradiation induced
changes. In the case of the Fe14Cr alloy, it appears that the
chemical environment of open-volume traps has changed due to
the Heþ irradiation, possibly due to creation of He-vacancy
complexes. In the case of the irradiated ODS1 sample, the CDB
profile undergoes a change with respect to its unirradiated
profile and becomes identical to the profile of the irradiated
Fe14Cr sample suggesting that in the ODS1 after irradiation
positron traps are not associated with nanoparticles but are in
the ferritic matrix.

- All samples were irradiated at high temperatures with Heþ ions.
S-parameters of the Fe14Cr sample irradiated with Heþ at
400 �C and 450 �C are very similar in the zone of maximum
damage, despite the dose in the case of Heþ irradiation at 450 �C
being double than in the case of 400 �C irradiation. It appears
that there is a saturation of positron traps or some annealing is
happening at 450 �C. These profiles are also similar to the S-
parameter profile after RT Heþ irradiation, showing almost no
effect of the temperature of irradiation. This is not the case for
the ODS1 sample irradiated with Heþ at 450 �C, where a clear
increase of the S-parameter is observed in the zone of maximum
damage. S-parameter profiles of both the ODS2 and ODS3
samples are very similar before and after Heþ irradiation at
400 �C. This would indicate a transition in the irradiation
induced defects in ODS steels when increasing dose and tem-
perature, although further experiments are required to confirm
it.

- TEM investigation of irradiation induced bubbles was done for
the model alloy, ODS2 and ODS3 samples irradiated with Heþ at
400 �C. In all three samples, small bubbles (<2.5 nm) were
observed. Bubble sizes are similar for the two ODS steels and
smaller than the ones found for the model alloy, being the
visible bubble number densities higher for the two ODS steels.
Although the majority of bubbles are observed in the ferritic
matrix, ODS steels seem to be effective in reducing the coars-
ening of bubbles created under these irradiation conditions.
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