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aining 0.3 wt.% of Y2O3 particles, were fabricated by mechanical alloying of Fe and Cr elemental powders 
ly consolidated and thermomechanically treated to produce ultra-fine grained materials. Cr-carbides and 
ersion-strengthened (ODS) alloy also contained a fine dispersion of nanoparticles, some of them having a 

 sized voids were found in both materials, often attached to secondary phases, dislocations and grain 
r in the ODS alloy.
1. Introduction

Low-activation ferritic steels are being considered as candidate
materials for use in structural applications in fusion reactors. How-
ever, in order to increase the thermal efficiency of the reactor, their
operational temperature should be increased. This may be
achieved by a uniform dispersion of very fine (1–50 nm) oxide par-
ticles, often yttria (Y2O3), which are stable at high temperatures.
Such oxide dispersions have been shown to increase the high-tem-
perature strength of these materials by two mechanisms; (i) by
inhibiting dislocation motion in the metal matrix, and increasing
the resistance of the alloy to creep deformation, and (ii) by inhib-
iting the recovery and recrystallization processes. Another ap-
proach to improve the strength, ductility and radiation resistance
of steels is to produce nanocrystalline materials with ultra-fine
grains. The solution for optimizing the mechanical properties of
steels, and moreover to make them more resistant to radiation
damage, could be to superimpose the effects of oxide dispersion-
strengthening and grain refinement, combined with rigorous
control of the microstructure and inclusion cleanliness. The nano-
particles and the large volume fraction of grain boundaries would
act as trapping sites for irradiation-induced defects, reducing the
radiation induced hardening. The ODS particles could also trap
the He and H which result from transmutation reactions in fine
bubbles, inhibiting their growth and migration to grain boundaries
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which can cause the premature failure of the material. The milling 
atmosphere has proven to play an important role in the final 
microstructures and mechanical properties of alloys produced by 
mechanical alloying. For example, Ar–filled cavities and voids have 
been observed by Transmission Electron Microscopy (TEM) [1,2] 
and Positron Annihilation Spectroscopy [3] in samples milled un-
der an Ar atmosphere, and the fracture properties of ODS ferritic 
steels were improved by milling in hydrogen [4]. The effect of the 
microstructure on the subsequent evolution of the material un-der 
irradiation has yet to be determined. There have been some 
previous studies of ODS ferritic and ferritic/martensitic steels 
mechanically-alloyed in He [5,6], although the void microstructure 
resulting from the fabrication process and their interaction with 
particles have not been extensively studied.

This work describes the characterization by analytical TEM of
the secondary phases and voids present in an ODS/Fe–14Cr alloy
containing 0.3 wt.% Y2O3, and a reference Fe–14Cr model alloy pro-
duced by milling in He followed by HIP and forging processes.
2. Experimental

The model Fe–14 wt.%Cr ODS and reference alloys were pro-
duced by planetary ball milling and consolidated by HIP, forging 
and subsequent annealing. The alloys were milled in He in order 
to study the possible formation of He bubbles and their interaction 
with ODS nanodispersoids. A detailed description of the production 
process and compositional analyses of the alloys can be found in 
[7].

TEM samples were prepared by electropolishing 3 mm diameter
disks in a TENUPOL 5 twin-jet polisher using 5% HClO4 + 95%
CH3OH as electrolyte. Before each TEM session, the samples were
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additionally cleaned for a few minutes in an ion-beam thinner at 
1.5 kV. Bright field (BF) images and microdiffraction patterns were 
obtained with a Philips CM20 TEM operated at 200 kV and 
equipped with an X-ray energy-dispersive spectrometer (XEDS). 
High-angle annular dark-field (HAADF) scanning TEM (STEM) 
images and XEDS elemental maps were obtained using a JEOL 
3000F TEM operated at 300 kV. Energy-filtered TEM (EFTEM) maps 
were obtained with a JEOL 2200MCO prototype microscope 
equipped with two spherical aberration (Cs) correctors. The EFTEM 
series were processed after acquisition using multivariate statisti-
cal analysis (MSA) as described in [8].
3. Results and discussion

The general microstructures of the ODS and reference alloys
after forging and annealing are described in [7]. The reference alloy 
had a duplex microstructure consisting of micron and submicron 
sized grains. This duplex structure was absent in the ODS alloy, 
in which a totally submicron sized grain structure was achieved. 
Both alloys contained Cr-rich precipitates as secondary phases 
(see Section 3.1). In addition, the ODS alloy also contained a nano-
metric dispersion of Y-rich particles, as described in Section 3.2. 
Voids were also found in both ODS and reference alloys. They are 
characterized in Section 3.3.

3.1. Cr-rich precipitates

Precipitates such as those seen in Fig. 1a were found in both al-
loys. XEDS analyses revealed that they are Cr-rich. They had sizes 
ranging from 50 to 400 nm and were preferentially observed at 
grain boundaries, but they were also found within grains. The crys-
tallographic structure of selected precipitates was determined from 
microdiffraction patterns and high resolution electron microscopy 
(HREM) images. Most precipitates could be indexed as either Cr2O3

oxides or M23C6 (M = Cr, Fe) carbides (see Fig. 1b). These phases are 
due to the excess of oxygen and the presence of C in the alloys, see 
[7]. It is very difficult to avoid these impurities, and their presence 
has been previously reported [1,9].

3.2. ODS nanoparticles

The nanoparticle dispersion was studied by BF-TEM and EFTEM. 
Particles were mainly distributed in the inner regions of the grains, 
although they were also observed pinning grain boundaries or dis-
locations, see Fig. 2. They had sizes ranging between 1 and 30 nm, 
although most of the particles were below 10 nm. The density of
Fig. 1. BF-TEM images showing the distribution of Cr-rich precipitates in (a) the ODS Fe–
pattern of the precipitate marked with an arrow in the reference alloy, which can be in
particles was calculated for 4 different regions with average vol-
umes of 200 � 200 � 100 nm3. It varies between 0.10 ± 0.02 and 1.5 
± 0.3 (�1023 m�3). The foil thicknesses were calculated from EFTEM 
thickness maps by using the log-ratio method [10]. The inelastic 
mean free path was estimated from the equation derived by Malis 
[11].

The particle chemistry was investigated by EFTEM. All the stud-
ied nanoparticles were Y-rich and in some of them, a core–shell 
structure was clearly evident. This consisted of an Y–O rich core 
and a Cr-rich shell. The shell was visible for particles as small as 
�7 nm thick. The presence of nanoparticles with a similar core–
shell structure has been recently reported in ODS alloys by EFTEM 
[8], Atom Probe Tomography [12] and STEM–EDS–EELS [13]. The Y 
N2,3, Cr M2,3 and Cr L2,3 EFTEM signals were successfully separated 
and extracted from the background using a multiple-window tech-
nique, where an inverse power law was used for background 
extraction. Both Y N2,3 and Cr M2,3 signals are clearly observed in 
Fig. 2b and d. The O K edge is weak and this explains why the O 
K signal in Fig. 2c was only observed for bigger particles.
3.3. Void distributions and particle-void interaction

Voids probably filled with Helium were found in both the ODS 
and reference alloys. Helium has a characteristic electron energy 
loss peak at around 22 eV, which would appear as a small shoulder 
on the plasmon peak. Although it is a difficult task to separate these 
two peaks, it is possible to do so, and Izui et al. [14] and more 
recently Fréchard et al. [15] have used EELS to measure the density 
of He in individual bubbles. Experimental evidence for the pres-
ence of He within bubbles in these alloys is currently under inves-
tigation by EELS.

The voids were mainly distributed within the grains and were 
frequently observed attached to the Y-rich particles in the ODS al-
loy as well as at dislocations, grain boundaries and Cr-rich precip-
itates, which were present in both alloys. Examples are shown in 
Figs. 3 and 4. Fig. 3a is a BF-TEM image showing voids in the matrix 
and at grain boundaries in the reference alloy. They appear lighter 
than the background, which is the contrast normally observed for 
voids larger than �5 nm in in-focus images. In comparison, Fig. 3b 
is an HAADF-STEM image of another region in the reference alloy, 
showing features with a darker contrast than the matrix. The 
contrast in HAADF images depends on the atomic number Z and in 
consequence voids (whether filled with He or not) as well as Cr-
carbides and oxides embedded in the matrix would all be imaged 
with a darker contrast than the surrounding matrix. XEDS point 
analyses were performed in order to distinguish between these
14Cr alloy and (b) the reference Fe–14Cr alloy. The inset in (b) is a microdiffraction
dexed as an M23C6 (M = Cr, Fe) carbide oriented on the h1 1 2i zone axis.
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Fig. 2. EFTEM series showing nanoparticles with a core–shell structure in the ODS Fe–14Cr alloy. (a) BF image and (b) Y N2,3, (c) O K and (d) Cr M2,3 EFTEM elemental maps. (e)
Y and Cr intensity profiles across the particle arrowed in (b) and (d) reveal that the Cr signal extends further than the Y signal.

Fig. 3. (a) BF-TEM and (b) HAADF-STEM images showing the distribution of voids and their association with grain boundaries, dislocations and Cr-rich precipitates (marked
as ‘‘P’’) in the reference Fe–14Cr alloy (examples arrowed), and (c) intensity profiles of the Fe and Cr Ka XEDS signals along the dashed line through the void marked as ‘‘V’’.
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Fig. 4. Through-focal series of small voids attached to particles (white arrow) and dislocations (black arrow) in the ODS Fe–14Cr alloy. (a) Underfocused by 1 m, (b) in-focus,
(d) overfocused by 1 m.
possibilities. The results show that only the feature marked as ‘‘P’’ 
in the figure is a Cr-rich precipitate, while the other dark areas do 
not present any compositional variations as compared to the ma-
trix. Fig. 3c shows the variation of the intensity of the Fe and Cr Ka 
signals along a line through the dark area marked as ‘‘V’’. The data 
represented are the heights of the Gaussian curves adjusted to each 
peak. The signal intensity is lower when passing through the area, 
suggesting that it is a void. Similar analyses made for other dark 
areas in the image yielded similar results. The void den-sity was 
calculated in this representative region by measuring the thickness 
from EEL spectra obtained from that area. It was found to be �(5 ± 
1) � 1020 m�3. Further analyses of void densities in both alloys are 
in progress.

Fig. 4 is a through-focal series showing small voids in the matrix 
and attached to Y-rich particles in the ODS alloy. These voids were 
smaller than �5 nm and in consequence are best imaged out-of-fo-
cus [16]. They were observed as bright dots surrounded by dark 
Fresnel fringes in underfocused images, and as dark dots sur-
rounded by bright Fresnel fringes in overfocused images.

The examples in Figs. 3 and 4 are also representative of the void 
sizes observed in both samples. The voids were much smaller for 
the ODS alloy, confirming the importance of nanoparticles as trap-
ping sites for vacancies. Their diameter was estimated from BF-TEM 
images taken under kinematical conditions by measuring the 
position of the centre of the principal dark fringe around them in 
underfocused images, as described in [16]. Most of the voids had 
sizes ranging between �5 and 25 nm for the reference alloy, while 
the observed voids in the ODS alloy were smaller than 5 nm.

4. Conclusions

This paper reports the first analyses of the secondary phases
and the void distributions in an ODS Fe–14Cr and a reference
Fe14–Cr alloy which were produced by milling in a He atmosphere
and consolidated by HIP. Cr-rich carbides and oxides were found in
both alloys. The ODS alloy also contained Y-rich nanoparticles,
most of them with sizes <10 nm. The chemistry of these particles
was studied by EFTEM and the results show that at least some of
them consist of an Y–O core surrounded by a Cr-rich shell. Nano-
metric sized voids were observed in both alloys. They were often
found attached to the ODS nanoparticles or the Cr-rich precipitates,
as well as at dislocations and grain boundaries. The nanovoids
were much smaller in the ODS alloy than in the reference alloy.
This is a significant result as it implies that the mechanical perfor-
mance of ODS alloys may be better than conventional alloys after
irradiation in a fusion environment.
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