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Laser-pulsed atom-probe tomography has been used to study the nanoscale features present in an ODS–
Eurofer 97 alloy. A core/shell structure was found for particles 5–10 nm in diameter. The particle cores
were primarily Y and O, enriched with Mn and Si resulting in a metal (Y, Mn and Si) to oxygen ratio of
M:O �2:3. The �2 nm thick outer-shell region of the particles exhibited partitioning of V, Cr, Ta, C and
N together with the core elements in many cases. Detailed compositional measurements have also been
made on the smallest of the yttria-based oxide clusters down to 2 nm in diameter. The 2 nm clusters were
found to have a non-stoichiometric oxide composition, enriched in oxygen compared to Y2O3, and evi-
dence for the existence of a shell around these smaller particles was found.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Eurofer 97 steel was developed in the EU as a reduced activation
alloy suitable for fusion applications, within the long term pro-
gramme of the European Fusion Development Agreement. Depend-
ing on processing conditions and subsequent heat treatments, it
exhibits either a ferritic, or ferritic/martensitic microstructure [1].
Similar to all ferritic/martensitic steels, Eurofer 97 has a low volu-
metric expansion under irradiation compared with austenitic
steels [2,3], making this a promising candidate material for struc-
tural components of Generation IV fission reactors and future fu-
sion power plant. The stringent requirements for these structural
materials are such that radiation doses of up to 200 dpa and high
operating temperatures (>600 �C) are necessary to optimise effi-
ciency of the reactor, during the lifetime of a component.

An oxide dispersion strengthened (ODS) variant of the Eurofer
97 was fabricated by mechanical alloying the powdered alloy with
0.3 wt.% Y2O3, resulting in maintained strength up to �700 �C due
to a fine grain size and the presence of nanometre scale oxide par-
ticles [4,5]. The ODS particles are also likely to trap transmutant He
and act as a sink for point defects. Mechanical testing experiments
have shown promising resistance to radiation damage [6,7].

Previous research has used transmission electron microscopy
(TEM) to characterise the fine-scale structure of ODS–Eurofer 97.
The strengthening oxide particles have been reported to be as
small as 2 nm in diameter [1]. High-resolution TEM of oxide parti-
cles �10 nm in diameter has shown the crystal structure to be of
ll rights reserved.

aterials, University of Oxford,
34; fax: +44 1865 273789.

C.A. Williams).
Y2O3 type [8,9]. A V–Cr–O shell structure 0.5–1.5 nm thick around
each ODS particle was detected with analytical TEM (EDX and
EELS) using a 1 nm electron probe [10].

Atom-probe tomography (APT) has been used to characterise
ODS particles in other reduced activation ferritic/martensitic
(RAFM) steels. One RAFM alloy that has been studied extensively
using this method is the ODS 12-YWT alloy (Fe–12Cr–3W–0.4Ti
and 0.25 wt.% Y2O3), however some ambiguity exists over the com-
positions of the nanoscale Ti-rich yttria-based oxide particles in
this material. Larson et al. [11] reported an Fe concentration of
�78% in the clusters in this 12-YWT, whereas Miller et al. subse-
quently reported levels of �40% [12], and only 4–8% [13,14]. It is
unclear whether the cause of these variations are from materials
processing, alloy compositions, inherent material inhomogeneity,
or related to the APT technique and the methods by which clusters
are defined and local concentrations measured.

Given the important role played by the oxide particles in
strengthening ODS–Eurofer 97 and improving resistance to He
embrittlement, it is vital that the nature of these particles be fully
understood. Only then can any changes that occur as a result of
radiation damage be quantified. Determining the composition
and structure of the particles will provide insight into possible
mechanisms of formation and help develop methods to further
optimise processing of desired alloy structures. This work pre-
sents some initial results of an APT study of an ODS–Eurofer 97
alloy, with particular focus on the composition of the finest oxy-
gen-rich features. In order to avoid previous uncertainties in how
these compositions are determined, we introduce a systematic
approach to cluster selection and composition measurements,
with the use of simple corrections to existing data analysis
techniques.
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mailto:ceri.williams@materials.ox.ac.uk
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat


Fig. 1. Bright field TEM image showing complex grain structure.
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2. Materials and methods

The nominal alloy composition is quoted in at.% in Table 1 [9].
The material was sourced from Lindau et al. at Forschungszentrum
Karlsruhe, Germany. Powder was obtained by gas-atomisation of
the alloy (H.C. Starck) and subsequently mechanically alloyed at
Plansee with 0.3 wt.% Y2O3 powder in an attritor mill. The powder
was then canned, degassed and subjected to Hot Isostatic Pressing
(HIP) [1]. After HIP, the material was hot-rolled in a series of defor-
mation steps with intermediate annealing to produce a final plate
of 6 mm thickness.

TEM samples were obtained from 3 mm disks that were
mechanically polished to 0.3 mm thickness, then electropolished
using a solution of 2% perchloric acid in methanol at �30 �C.
Images were obtained using either a JEOL 3000 microscope oper-
ated at 300 kV or an FEI CM20 microscope operated at 200 kV.

0.5 � 0.5 � 20 mm rods were cut and electropolished into a
sharply-pointed needles with an end radius of �50 nm, as required
for APT, using a solution of 2% perchloric acid in 2-butoxyethanol.
These specimens were then analysed in an Imago LEAP™ 3000HR
under laser pulsing mode (0.3–0.5 nJ energy, <10 lm spot size,
200 kHz repetition rate) at a specimen temperature of 30–50 K.
Additional data was obtained using an Oxford Nanoscience 3-D
atom probe using voltage pulsing (20% pulse fraction, 20 kHz rep-
etition rate) and a specimen temperature of 60 K. No significant
change in composition was noted when changing from laser puls-
ing mode to voltage pulsing.

Cluster compositions were calculated from atoms selected
using a method based on the maximum separation method
[15,16]. Core atoms of Y and O are selected using a maximum sep-
aration distance (dmax) of 0.6–0.85 nm. Clusters are defined as a
group of at least Nmin (Nmin = 10) core atoms within dmax. The
remaining atoms are included in a cluster if they are positioned
within a surround distance L = 0.5–0.7 nm of a core atom defining
the cluster. The atoms at the interface are then eroded if they are
within 0.2–0.4 nm from a matrix atom. The erosion step prevents
including a shell of matrix around the cluster. The Nmin, dmax and
erosion values are selected using the method outlined in [15].
The surround distance (L) is chosen by examining its effect on
the number of core atoms, whilst maintaining L > 1/

p
2 dmax. L cor-

responds to a distance beyond which the number of core atoms in-
creases linearly (indicating that any further increase will only
include excess matrix atoms).

An estimation of feature size is made from the radius of gyra-
tion (Rg), that is the average distance between each cluster atom
and the centre of mass of the cluster [17]. Note that while this is
one of the best ways of comparing dimensions within atom-probe
data, it is not representative of the physical size of the particle.
Where comparisons between analysis techniques have been made,
Table 1
Compositional measurements for bulk material (in at.%).

Element Nominal Bulk Matrix

C 0.46 0.22 ± 0.24 0.08 ± 0.002
P – 0.02 ± 0.01 0.00 ± 0.000
Si 0.11 0.66 ± 0.10 0.16 ± 0.002
O – 0.34 ± 0.26 0.01 ± 0.000
Mn 0.38 0.35 ± 0.12 0.32 ± 0.003
Fe Bal 88.76 ± 0.54 90.10 ± 0.016
Cr 8.6 8.86 ± 0.48 8.90 ± 0.016
Co – 0.02 ± 0.01 0.02 ± 0.001
Y – 0.12 ± 0.09 0.01 ± 0.001
Ta 0.04 Trace Trace
V 0.21 0.26 ± 0.06 0.15 ± 0.002
N – 0.08 ± 0.05 0.02 ± 0.001
W 0.3 0.27 ± 0.09 0.22 ± 0.003
dimensions have first been converted to the Guinier radius which
has been shown to represent precipitate size more accurately
[17]. The Guinier radius is related to the radius of gyration by:

RG ¼
ffiffiffi
5
3

r
Rg
3. Results

3.1. Microstructural observations

Fig. 1 shows the complex grain structure exhibited by this
material resulting from the mechanical alloying process. It can be
seen that the grain size distribution is wide with typical sizes be-
tween 0 and 5 lm, and the large proportion of sub-micron grains
allowed many grain boundaries to be analysed within the atom
probe sampling volume. Large spherical oxide particles up to
50 nm in diameter were observed as shown in Fig. 2, along with
Fig. 2. Bright field TEM image showing oxide particles of varying sizes.
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the finer particles seen within grains. The particle distribution is
found to be very inhomogeneous, and in �10% of atom probe spec-
imens, no oxide particles were observed in the regions examined.

Figs. 3 and 4 show alignment of 5–10 nm particles along certain
directions. In Fig. 3b, particles are aligned along planar features
that could be lath or twin boundaries similar to those shown in
Fig. 3. (a) Bright field TEM image showing possible lath boundaries. (b) APT data

Fig. 4. (a) Bright field TEM image of an APT specimen prior to analysis, showing a grain bo
from the same tip, with oxide particles present both along the grain boundary and in th
the TEM image in Fig. 3a. In Fig. 4, the location of the 5–10 nm
oxide particles seen in the APT reconstruction corresponds to the
position of the grain boundary seen in the TEM image of the spec-
imen prior to APT analysis. These images also show a uniform dis-
tribution of even smaller particles, �2 nm in diameter within some
grains and a particle density of 3.9 ± 0.15 � 1023 m�3. However due
showing alignment of yttria-based oxide particles along possible boundaries.

undary within the analysis volume. (b) 3-D reconstruction of the APT data obtained
e bulk material.
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to particle-free regions, and regions sparsely populated with larger
particles, the overall particle density for the material is less than
this value.
3.2. Compositional measurements

Table 1 summarises overall compositional measurements aver-
aged over a number of analysed volumes to account for inherent
variations in microstructure from one analysis volume to another.
The matrix composition has been estimated from data that showed
no particles present in the analysis volume. Although there is good
correlation between the nominal composition and the experimen-
tal results, several differences are noted. Levels of Ta and C are low-
er than expected from [18], and traces of P, N, Co and Al were also
found. The errors quoted in Table 1 correspond to the standard er-
ror of the average composition taken from a large number of sep-
arate analyses. This is seen to be greater than the counting
statistical error due to the limited volume of analysis and inherent
variability within the microstructure.
Table 2
Compositional measurements for 5–10 nm particles (in at.%).

Element Raw
concentration

Matrix-
corrected

Oxygen
corrected

Rangea

C 0.50 ± 0.06 1.56 ± 0.19 1.51 ± 0.18 1.01–3.18
P 0.02 ± 0.00 0.06 ± 0.01 0.06 ± 0.01 0.00–0.11
Si 0.92 ± 0.08 2.95 ± 0.27 2.86 ± 0.25 1.55–4.18
O 10.98 ± 0.55 39.74 ± 0.66 41.56 ± 0.58 38.61–

45.14
Mn 0.96 ± 0.13 2.52 ± 0.41 2.47 ± 0.42 0.44–5.12
Fe 65.38 ± 0.97 0.00 ± 0.00 0.00 ± 0.00 0.00–0.00
Cr 11.77 ± 0.12 19.70 ± 0.67 19.05 ± 0.53 15.98–

21.10
Co 0.03 ± 0.00 0.05 ± 0.01 0.05 ± 0.01 0.03–0.12
Y 4.63 ± 0.27 16.64 ± 0.42 16.19 ± 0.52 15.29–

19.35
Ta 0.71 ± 0.13 2.57 ± 0.43 2.50 ± 0.42 0.77–4.93
V 2.91 ± 0.09 10.48 ± 0.52 10.11 ± 0.43 7.66–

12.42
N 0.68 ± 0.04 2.43 ± 0.14 2.36 ± 0.14 1.75–3.25
W 0.50 ± 0.03 1.24 ± 0.12 1.20 ± 0.11 0.61–1.54

M:O 8.34 ± 0.54 1.35 ± 0.04 1.19 ± 0.02 1.08–1.37

a Corrected compositions.

Fig. 5. 2-nm Slice taken from an APT dataset containing a 10 nm particle showing (a) Y at
the cluster selection process (inner ring) and the extra oxygen atoms included by the co
It has previously been reported that the level of carbon in the
alloy is reduced during gas-atomisation of the powder during pro-
cessing [1] however the results presented here imply an even low-
er C content than the powder concentration. Due to the low
solubility of C in bcc Fe, it can be assumed that the majority of
the C is segregated to grain boundaries or other defects such as car-
bides, not seen in the analysis volume. Carbides have been re-
ported in some studies of ODS–Eurofer [4,19], but not in others
[6]. However they were not regularly seen in TEM analysis during
this study.

It is shown in the results presented below that Ta is strongly
segregated to the oxide particles. Ta is therefore likely to be con-
centrated in larger oxide particles shown in Fig. 2, but not seen
in the analysis volume.
3.2.1. Large particle analysis (5–10 nm)
A 2-D slice of one of the large particles seen in the APT data in

Table 2b is given in Fig. 5. A 1-D concentration profile obtained
from a cylinder of 7 nm diameter and intercepting a typical particle
is shown in Fig. 6. By examining the cross-section and concentra-
tion profile, it appears that the particles have a core/shell type
structure and it can be seen that the levels of Cr and V are highest
near the particle–matrix interface, whereas Y, O, Mn and Si are
more concentrated at the core. A number of steps were undertaken
to determine the composition of these particles, and the results are
summarised in Table 2.

The level of Fe measured in the particles varies from 60% to 75%,
with larger particles containing less Fe. While it is possible that the
particles contain some Fe, it is thought this very high level is
mainly the result of trajectory aberrations known to occur with
this type of particle. The oxide particles have been shown to image
darkly during field-ion evaporation [20], and so will have a reduced
local magnification compared to the surrounding matrix, leading to
trajectory overlaps up to a few nanometres near the particle/ma-
trix interface [21]. The relative amount of Fe decreases with
increasing particle size and no Fe is present at the core of the larger
particles (Fig. 7), a region not affected by trajectory overlap. In or-
der to compare datasets, the amount of Fe will be artificially set to
0 and the matrix contribution can be corrected by calculating the
likely proportion of alloying elements present together with Fe in
the matrix, and removing this number of atoms from the raw clus-
ter composition. Matrix-corrected compositional values calculated
in this way are given in Table 2.
oms (b) O atoms. Schematic rings are drawn in (b) to represent the atoms selected by
rrection method (outer ring).
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Fig. 6. Composition profile along the direction of analysis, intercepting a repre-
sentative particle (data obtained from a particle shown in Fig. 3). (a) The Cr and V
profiles suggest a shell structure around a Y–O core. (b) Mn and Si are within the
particle core.
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Miller et al. reported that in the 12-YWT alloy, oxygen atoms in
the clusters have a greater Rg than segregated metal atoms. Fig. 5
shows that this is also the case for the larger particles described
here, and the distribution of O atoms is much broader than that
of the Y atoms. This effect is thought to be due to irregular oxygen
evaporation from the tip. Since O atoms are spread more than the
maximum separation distance used in the cluster selection, a sim-
ple correction was applied to include these atoms. All oxygen
atoms found within a sphere of radius equal to the Guinier radius
plus 2–2.5 nm (shown schematically in Fig. 5) were included in fi-
nal corrected composition values in Table 2. Again, the standard er-
ror is seen to be significantly larger than the expected statistical
error. There is significant variation in composition from one parti-
cle to another, and the range of measured composition for each ele-
ment is indicated. This accounts for the large error in the case of
some elements. It is likely that the particle composition varies with
diameter, and the presence of grain boundaries near the particles
may also affect the composition.

The exact composition of the core and shell could not be deter-
mined, as the full width half maximum measurement of the shell
thickness for the particle shown in Fig. 7 estimates the layer to
be 2 ± 0.5 nm, which is close to the resolution limit of APT for com-
positional measurements. By increasing the erosion distance to 2–
3 nm, the composition of the core of each large particle was esti-
mated, then removed from the total composition of the particle
to give an approximate composition for the shell. In many cases,
overlap of the core and shell could not be avoided, however the re-
sults shown in Table 3 are valuable as it can be seen that over a
large number of analysed particles C and N are predominantly
found in the shell, as are Cr, V, W and Ta. As it is not possible to cor-
rect the oxygen composition without making an assumption on
how much oxygen should be included in either the core or shell,
oxygen atoms were not included in the results displayed in Table 3.

In one case, a particle 10 nm in diameter was analysed close the
surface of a very sharp specimen (end radius �20 nm). In this in-
stance, the magnification of the particle is greater, and therefore
the resolution was improved. A 2-D slice through this particle
(2 nm thick) is shown in Fig. 7. For clarity, an iso-concentration
surface was created to represent the particle–matrix interface at
25 at.% YO as shown in Fig. 7a. This particular concentration corre-
sponds to the greatest concentration gradient for this interface. In
Fig. 7b–d, only atoms inside the iso-concentration surface are
shown to represent the particle.

It can be seen that the core of the particle is completely de-
pleted of all elements except Y, O, Mn and Si. The M:O ratio of this
particle calculated for a sphere of 2 nm radius at the core is found
to be 0.72 ± 0.15, with no oxygen correction applied. This indicates
that the particle core is likely to have the reported Y2O3 stoichiom-
etry, if it is assumed that some O is lost due to the O spreading
problem discussed earlier leading to the M:O ratio appearing
slightly above 0.66. It should be noted that the M:O ratio across
the core and shell as given in Table 2 as 1.19 ± 0.02, and the possi-
ble reasons for this are discussed.

3.2.2. Small cluster analysis
Fig. 8 shows a uniform distribution of small clusters within a

grain. As these 2 nm clusters are close to the resolution limit for
compositional measurements by atom-probe tomography, careful
analysis and interpretation of results is required to understand
the effects of technique artefacts on the measured compositions.
Cluster composition measurements were carried out using a simi-
lar method to that described for the 5–10 nm particles, however to
improve counting statistics the total number of atoms for all small
clusters in a given analysis volume was used to give the average
composition. Raw composition measurements show an apparent
level of Fe of 73% in the clusters, which is consistent with the early
measurements of 78% Fe in oxide particles within the 12-YWT al-
loy as published by Larson et al. [11]. As with the 5–10 nm parti-
cles, it is assumed that this is the result of trajectory aberrations
so the matrix correction is applied using the same method.

The atom maps in Fig. 8 show that the distribution of O atoms is
also much broader than that of the Y atoms in the 2 nm particles.
Using a maximum separation distance of 1 nm, the Rg for the oxy-
gen atoms in the clusters was measured to be 1.3 ± 0.15 nm, com-
pared with 0.63 ± 0.02 nm for Y atoms. As the 2 nm clusters can be
very close together, it is sometimes difficult to assign the spread
oxygen atoms to an individual particle, therefore and alternative
method to that described for the 5–10 nm particles was necessary.
A background noise correction is applied to the mass spectrum,
and the level of oxygen in the matrix is estimated from an analysis
volume containing no particles (shown in Table 1). The total num-
ber of oxygen atoms left after the noise and matrix contributions
have been removed is the number used in calculating the average
composition of all �2 nm clusters in a given analysis volume. Every
effort has been made to ensure that the cluster is accurately de-
fined so that this oxygen correction can be applied with confi-
dence, and reproducible results have been obtained. As shown in
Table 4., the final metal to oxygen ratio in the particles is
0.54 ± 0.04 once all these corrections are applied. A non-stoichiom-
etric oxide composition is therefore implied from these results,
with an excess of oxygen when compared with Y2O3.

Comparing compositions given in Table 4, it can be seen that the
clusters show similar segregation to the 5–10 nm particles, and are
particularly enriched in Y, Cr, V, Si and Ta. Notably, no significant
enrichment of Mn was detected in the 2 nm clusters. The



Fig. 7. (a) The 25% concentration Y–O isosurface is drawn on a 2 nm slice through the 10 nm particle shown. (b) The V and Cr atoms inside the iso-concentration surface are
present only near the particle–matrix interface. (c) All Mn and Si atoms inside the isosurface are shown (taken from the same section of the particle). Their presence at the
core of the particle is clearly visible. (d) C and N are also only present in the particle shell (in this case a 5 nm slice was used to include more atoms).

Table 3
Compositional measurements for the core and shell of 5–10 nm particles (in at.%).

Element Core composition (%) Shell composition (%)

C 2.24 ± 0.34 2.71 ± 0.28
P 0.08 ± 0.03 0.11 ± 0.02
Si 4.06 ± 0.53 5.18 ± 0.42
O 0.00 ± 0.00 0.00 ± 0.00
Mn 4.78 ± 0.84 3.92 ± 0.60
Fe 0.00 ± 0.00 0.00 ± 0.00
Cr 30.36 ± 1.26 33.57 ± 0.60
Co 0.02 ± 0.01 0.12 ± 0.02
Y 33.77 ± 0.82 25.43 ± 0.68
Ta 3.89 ± 0.85 4.48 ± 0.74
V 16.27 ± 0.72 17.69 ± 0.73
N 3.92 ± 0.24 4.08 ± 0.24
W 1.57 ± 0.31 2.22 ± 0.20
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calculated Rg values for individual elements show differences, as
seen in Table 5. This indicates an inhomogeneous distribution of
metal atoms within the particle, with V and Cr seen systematically
further from the core than the Y atoms. This suggests the 2 nm
clusters also consist of a V/Cr shell around a Y rich core – as seen
in the 5–10 nm particles.
4. Discussion

The results described above show the detailed composition of
the oxide clusters in ODS–Eurofer 97 as measured using APT. A
high density of 2 nm oxide particles is observed in the bulk and
larger oxide particles (5–10 nm) are seen predominately at grain
boundaries. An yttria-rich core, surrounded by a Cr- and V-rich
shell was found for all oxide particles. Mechanisms of formation
of the clusters, and possible reasons for the existence of the core/
shell structure will now be discussed, and compared to what is cur-
rently known about oxide clusters in similar ODS alloys.

There are two plausible theories for the existence of the core/
shell structure. The first theory is that the shell is a result of segre-
gation to the particle/matrix interface after the particle has formed.
The second argument is that the shell could be essential to the for-
mation of the particle, and may act as an interfacial phase, lower-
ing the surface energy of the particle, thus allowing the particle to
form.

The results indicate that the larger particles exhibit the most
stable oxide composition – Y2O3 and APT analysis of a 2 nm sphere
at the core of the particle shown in Fig. 7 gives an M:O ratio of
0.72 ± 0.15. Previous TEM observations have also shown the core
of these particles to have Y2O3 stoichiometry [8]. The combined



Fig. 8. 3-D reconstruction of APT data showing an even distribution of small �2 nm
particles. Image shows the spread of oxygen atoms (b) compared to yttrium (a) in
3-D reconstruction of atom-probe data.

Table 5
Rg values for 2 nm clusters.

Element Average, Rg (nm)

All 0.8 ± 0.07
Y 0.56 ± 0.016
V 0.85 ± 0.025

Table 6
Enthalpy of formation of pure binary oxides of selected solute species (at �C) [34].

Element Oxide composition DHf (kJ/mol (Oxide)) DHf (kJ/mol O)

Y Y2O3 1907 636
Cr Cr2O3 1130 377
Si SiO2 911 456
V V2O5 1551 310

VO 432 432
Ta Ta2O5 2047 409
Mn Mn3O4 1388 347

MnO 385 385
Fe Fe3O4 1118 280

Fe2O3 822 274
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core and shell compositions shown in Table 2, however, gives a
metal to oxide ratio of 1.19:1 for the 5–10 nm particles, which is
non-stoichiometric with oxygen deficiency.

The composition profile of a typical particle seen in Fig. 6 shows
that the Cr peak from the shell is mainly outside the O profile, sug-
gesting interfacial segregation. It may therefore increase the metal
content of the particle (core and shell) to give the �1:1 M:O ratio.
The presence of some oxygen in the shell is also detected in the
APT data, however this could be due to the artefacts discussed in
Section 3.2.1, and caused by a spread of oxygen from the core.
More work is underway to attempt to quantify how much oxygen
may be present in the shell, and to establish whether there is any
loss of detection efficiency in the clusters due to multiple detector
Table 4
Average cluster compositions for �2 nm clusters (in at.%).

Element Overall Raw
concentration

Matrix-
corrected

Oxygen
corrected

C 0.16 ± 0.15 0.38 ± 0.22 1.38 ± 0.72 0.79 ± 0.47
P 0.02 ± 0.01 0.05 ± 0.00 0.20 ± 0.06 0.11 ± 0.04
Si 0.32 ± 0.01 0.51 ± 0.04 1.36 ± 0.12 0.77 ± 0.06
O 0.23 ± 0.05 6.29 ± 0.51 33.92 ± 2.16 62.68 ± 1.49
Mn 0.30 ± 0.03 0.33 ± 0.04 0.45 ± 0.16 0.26 ± 0.08
Fe 89.01 ± 0.24 72.93 ± 2.21 0.00 ± 0.00 0.00 ± 0.00
Cr 9.04 ± 0.34 11.28 ± 0.29 21.60 ± 1.44 12.25 ± 1.69
Co 0.03 ± 0.00 0.02 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Y 0.07 ± 0.01 2.53 ± 0.24 13.92 ± 2.85 7.94 ± 2.22
Ta 0.01 ± 0.00 0.35 ± 0.05 1.88 ± 0.13 1.06 ± 0.14
V 0.25 ± 0.02 4.15 ± 1.55 21.38 ± 6.15 11.93 ± 2.76
N 0.12 ± 0.00 0.69 ± 0.23 3.20 ± 0.87 1.79 ± 0.38
W 0.43 ± 0.07 0.48 ± 0.05 0.71 ± 0.10 0.40 ± 0.08

M:O 14.71 ± 1.25 1.77 ± 0.16 0.54 ± 0.04
hits (and whether this affects the oxygen concentration
particularly).

All the metallic species seen partitioned to the oxide particles
correspond to elements with a high affinity for oxygen. Table 6
shows that for all elements segregated to the clusters/particles,
the enthalpy of formation of oxide is lower than that of Fe. It is ex-
pected that the oxide particles will mainly be based on Y, due to
the larger enthalpy of formation for yttrium-oxide. Cr and V have
affinities for O only slightly below that of Y, and it is known that
Y2O3 and V2O3 are isostructural [22], therefore, Cr and V are ex-
pected to form part of the oxide. However, these two elements
are predominately found at the particle–matrix interface. It is
interesting to note that Mn and Si are observed in higher concen-
trations at the core of the particle, and that the native oxides of
both these species are structurally different from Y2O3. The oxida-
tion enthalpies of Mn and Si are also lower than Y, Cr and V, which
could influence the segregation behaviour.

If the existence of a shell was purely the result of interfacial
segregation, it would be expected that as the particles decrease
in diameter, the proportion of metal would increase. An impor-
tant observation reported in the results above is that the smallest
oxide clusters are enriched in oxygen compared with those above
5 nm in diameter. The method used to calculate the composition
of these clusters is one possible reason that could account for
this discrepancy. Indeed, by artificially setting Fe = 0, we may
have removed too many metal species forming the small clusters.
Alternatively, due to the Gibbs–Thompson effect, the oxygen con-
centration in the matrix may be increased when small particles
are present, and this extra oxygen may have been incorrectly in-
cluded during the cluster selection process. The M:O ratio is
approximately 1:2 in the 2 nm particles, whereas for the 5–
10 nm particles it is approximately 1:1 when calculated for the
core and shell combined. As this difference is relatively large, it
is more likely that there is a difference in stoichiometry between
the smallest clusters and those above 5 nm in diameter. A mixed
oxide phase in the shell could also explain the size dependency
of the M:O ratio.

If the core and shell of the 2 nm clusters are to be thought of as a
mixed oxide phase, this structure can be discussed in terms of clus-
ter nucleation. It is however important to remember that dissolu-
tion and nucleation mechanisms may vary as function of alloy
composition and processing parameters. Lindau et al. have sug-
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gested that the particles may be remnant Y2O3 powder particles
not fully dissolved and made spherical by surface diffusion acting
to lower the free energy of the interface [1]. This mechanism would
be consistent with the segregation of alloying elements to the clus-
ter interface and contributing to lowering the interface energy.

It is now presumed that yttria is forced into a supersaturated
solid solution during milling, then re-form at a later stage [23–
25]. X-ray diffraction [24] and small-angled neutron scattering
[25] measurements have shown the complete dissolution of the
Y2O3 powder during milling occurs in similar ODS alloys, and it
is assumed that oxide clusters are nucleated during the HIP treat-
ment [25–28]. It is known that O has a very low solubility in Fe
[29], therefore the formation of the oxide particles from a supersat-
urated solid solution created by mechanical alloying is unsurpris-
ing. The oxide particles at boundaries are larger than the clusters
in the bulk are likely to be the result of fast diffusion along lath/
grain boundaries, accelerated during HIP. Given the inhomoge-
neous nature of the alloy mentioned in Section 3.1, it possible that
in localized areas there is limited dissolution. It is unclear from
these results as to whether any of the observed particles are the re-
sult of remnant powder.

Despite compositional variations, ODS-RAFM alloys all show a
dispersion of oxide particles rich in Y and O. In alloys that contain
Ti, the particles are also rich in Ti [6,12–14]. A finer dispersion is
achieved on the addition of Ti [11] and it has also been shown that
elements such as Hf and Zr act in a similar manner [27,30]. It is
proposed by Ratti et al. that the primary function of Ti is to
enhance the coarsening resistance of the clusters [31]. However,
another study carried out using APT reports a Ti-rich shell around
Y-based oxide particles in another ODS steel, and it was suggested
that Ti assists the nucleation of Y2O3 [26]. In all cases where Ti is
included in the alloy, it is concluded that the Ti is part of the oxide
phase. There is however a marked difference in M:O ratio compar-
ing the results in this paper with Ti containing alloys analysed
using APT [11–14]. The �2 nm ODS clusters in Eurofer give a
�1:2 ratio compared to �1:1 in the Ti-rich clusters [13,14]. Given
that there are multiple known stable phases in the Ti–O system
[32], it is very likely that the presence of Ti in these alloys yields
a different oxide composition. However due to the differences in
cluster composition calculations, and possible differences in the
evaporation sequences of the complex ions containing Ti/O it is
possible that these effects may account for part of the discrepancy.

Having studied the conclusions of others investigating similar
ODS alloys, it appears that the theories proposed for the formation
of oxide clusters containing Ti can be applied to the ODS–Eurofer
alloy system. For example, where the Ti containing oxide shell is
thought to assist in the formation of oxide clusters, a similar effect
may occur in the ODS–Eurofer, but with a Cr/V oxide. One reason
for this could be that the Cr/V oxide acts as an interfacial phase
lowering the interfacial energy, so as to allow the yttria-based
phase to form. Similar effects of wetting have been observed in
other alloy systems [33].
5. Conclusions

APT and electron microscopy was used to investigate the nano-
scale features of the ODS–Eurofer 97 alloy. Correction methods for
an existing cluster selection technique were developed and new in-
sights into the nature of the oxide nanoclusters were found. A core/
shell structure was shown to be likely in clusters as small as 2 nm
in diameter. TEM reports of a V/Cr rich shell were confirmed for
particles 5–10 nm in diameter [10], and it was shown that C, N,
Ta and W are also predominantly in the shell along with traces
of the core elements. The core of the 5–10 nm particles were found
to be primarily Y and O with 5–10% Mn and 5–10% Si. The M:O ra-
tio in the particles was seen to increase from �1:2 to >1:1 as the
radius of the particles increased, and this is possibly due to a
change in chemical stoichiometry. Further work is currently under-
way to look at the effect of irradiation on the oxide particles to help
determine the suitability of the material for fusion applications.
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