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A B S T R A C T   

Oxide dispersion strengthened (ODS) steels are leading candidates for structural materials in nuclear fission and 
fusion power plants. Understanding the nature of nano-oxide particles in ODS steels is vital for a better control of 
the microstructure and mechanical properties to further their applications. In this study, electron microscopy and 
atom probe tomography (APT) have been used to investigate the nanocluster features in ODS Eurofer steel. With 
the addition of V and Ta in ODS Eurofer, the nanoclusters exhibit a higher number density with a decreased 
average diameter, indicating that V and Ta are beneficial for the formation of small clusters. Irrespective of the 
composition of the base material, the smaller particles have a variable stoichiometry while the larger particles 
are likely to have Y2O3 stoichiometry. The nanoclusters were found to have a core/shell structure, where Y, O 
and Ta are enriched in the core and Cr and V are predominant in the shell. The formation of the complex 
structure is possibly the result of a competing effect between Ta, Y, V and Cr binding with O. It is deduced that Ta 
tends to combine with O in the core (Y2O3) of the clusters due to a higher affinity, and pushes V and Cr to the 
surrounding shell during the formation of nanoclusters.   

1. Introduction 

Reduced activation ferritic/martensitic (RAFM) steels are candidate 
materials for structural applications in high temperature and nuclear 
applications including advanced fission and fusion reactors [1]. How-
ever, the operating temperature of RAFM steels is limited to around 823 
K due to their poor creep resistance. By the small addition (0–0.5 wt%) 
of nanosized yttrium oxide (Y2O3) in the steel matrix, the operating 
temperature of these RAMF steels can be increased by 100–200 K due to 
a significant increase in the creep and fatigue properties [2–4]. These 
fine and thermally stable dispersoids hinder the motion of dislocations 
and pin grain boundaries, and act as effective trapping sites for both 
point defects and helium atoms generated during irradiation [5]. 
Currently, oxide dispersion strengthened (ODS) steels are under intense 
development in Europe [6], Japan [7], South Korea [8] and the US [9] 
and are considered as promising structural materials for nuclear appli-
cations. Within the European Union, the research of ODS steels has 
essentially been focused on ODS Eurofer, which is based on Eurofer 97 
steel and reinforced with 0.3 wt% Y2O3 [10]. Compared to RAFM steels, 

ODS Eurofer possesses better high temperature mechanical properties, 
improved creep resistance and significantly higher irradiation damage 
resistance. 

Considering the important role that the oxide particles play in 
affecting the performance of ODS Eurofer, it is crucial that their char-
acteristics, such as size distribution, chemical composition, morphology 
and number density, are well understood. Previous investigations on the 
oxide particles in ODS steels were conducted by means of different 
techniques, the results, however, were not completely consistent with 
each other. For example, Williams et al. [11] found a core/shell struc-
ture in ODS Eurofer via atom probe tomography (APT), where the core is 
primarily composed of Y and O enriched with Mn and Si, while C, N, Ta, 
W, V and Cr were predominantly found in the shell. Klimenkov et al. 
[12] reported transmission electron microscopy (TEM) investigations of 
ODS Eurofer steel, suggesting that the nanoparticles were more than 10 
nm with a complex structure. The core of the particle consisted of a 
phase with a composition of (Y1.8Mn0.2)O3, which was surrounded by a 
shell of V and Cr with 0.5–1.5 nm thickness. Such a complex composi-
tion of the ODS particles led to the assumption that their nucleation and 
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dispersion was associated with the concentrations of Mn and Y. An APT 
study on ODS Eurofer from Aleev et al. [13] revealed that the core of 
nanoclusters was rich in V, Y and O while the concentration of Mn was 
negligible in the clusters. A model Fe–12Cr–0.4Y2O3 (wt%) alloy was 
investigated by Castro et al. [14] using electron energy loss spectroscopy 
(EELS), after annealing at 1023 K up to 96 h, the nanoparticles either 
had a core/shell structure with a Cr-enriched shell or evolved into 
complex oxides such as YCrO3. Furthermore, studies on Ti containing 
ODS steels gave even more complex findings. Ohnuma et al. [15] used 
small angle scattering using neutrons (SANS) and X–rays (SAXS) to study 
a number of 9Cr–ODS steels containing Ti and found that the finest oxide 
nanoparticles have a chemical composition close to Y2Ti2O7. Recent APT 
analysis of a Fe–18Cr–1W–0.3Ti–0.3Y2O3 (wt%) ODS steel [16] showed 
that the Y–O–Ti nanoparticles exhibited a core–shell structure consisting 
of a complex Cr-rich shell with 1.2–1.5 nm thickness. The particle 
stoichiometry evolved from YTiO2 for the small particles (<2 nm) to 
Y2TiO5 for the big ones (>8 nm). Templeman et al. [17] used a com-
bined investigation method of TEM, APT and electron diffraction to-
mography (EDT) to characterise a Fe–14Cr–1W–0.3Ti–0.25 Y2O3 (wt%) 
ODS steel. Three populations of particles were identified: highly 
dispersed, 3–20 nm Fe(Cr,Ti,Y)O particles, 50–150 nm YTiO3 and 
100–200 nm TiC particles. In summary, there have been considerable 
uncertainties in terms of characterising and understanding the nature of 
nanoclusters in ODS Eurofer/ODS steels. Part of the inconsistency un-
doubtedly comes from the differences in alloy compositions, processing 
routes employed, and techniques and interpretation methods used for 
the characterisation of nanoclusters in ODS steels. A thorough under-
standing of the nano-oxide characteristics is needed for a better control 
of microstructure and mechanical properties for ODS steels and their 
nuclear applications. 

In this study, the nanoclusters in ODS Eurofer were characterised and 
investigated by means of scanning electron microscopy (SEM), TEM and 
APT. The composition and structure of nanoclusters were determined by 
a careful interpretation of APT datasets. The results of ODS Eurofer and 
ODS Eurofer with extra V and Ta are compared and discussed to un-
derstand the effect of alloying elements on the nature of nanoclusters. 
Providing insights into possible mechanisms of nanocluster formation, 
this paper will contribute to the optimisation of ODS steels with a 
desired microstructure and superior mechanical performance for nu-
clear applications. 

2. Experimental details 

2.1. Materials 

ODS Eurofer steel with a nominal composition of 
Fe–9Cr–1.1W–0.4Mn–0.2V–0.12Ta–0.1C–0.3Y2O3 (wt%) was manu-
factured using high-purity elemental powders. The mixed powders were 
mechanically alloyed (MA) in a Retsch planetary mill for 30 h with a 
rotation speed of 300rpm under a high-purity argon atmosphere at room 
temperature. The MA powders were then consolidated by spark plasma 
sintering (SPS, FCT group, Germany) to form a dense cylindrical pellet 
(40 mm in diameter and 10 mm in height). Sintering cycles were per-
formed under a pressure of 60MPa, with a heating rate of 100K/min up 
to the holding temperature of 1373 K for 30 min. The cooling was 
ensured by direct contact with water-cooled punches, which induced a 
cooling rate of 50K/min. These parameters were selected based on our 
previous study [18]. To characterise the effect of V and Ta on the nano- 
precipitates more accurately, ODS Eurofer with extra V and Ta and a 
nominal composition of Fe–9Cr–1.1W–0.4Mn–2V–1.2Ta–0.1C–0.3Y2O3 
(wt%) was manufactured with the same parameters stated above. The 
material is referred to as “ODS Eurofer–2V–1.2Ta” in the following text. 

2.2. Microscopy analysis 

The microstructure of ODS Eurofer was initially investigated using a 

JEOL 6500F scanning electron microscope (SEM) and a JEM-2200FS 
transmission electron microscope (TEM) equipped with an energy 
dispersive spectrometer (EDS) system. For TEM characterisation, con-
ventional thin foils were extracted from the investigated steel samples. 
Small disks, 3 mm in diameter were cut and ground down to a thickness 
of around 80 μm. The thickness of TEM specimens was further reduced 
by electropolishing in a twin-jet electropolisher using 4% perchloric acid 
and 96% ethanol as electrolyte at room temperature. 

Atom probe analyses of ODS Eurofer and ODS Eurofer–2V–1.2Ta 
were conducted with a CAMECA LEAP® 5000XR at the Department of 
Materials, University of Oxford. Atom probe specimens were prepared 
by the lift-out technique [19] using a Zeiss Crossbeam 540 Analytical 
Focused Ion Beam (FIB)-SEM. Cleaning of the specimens was performed 
using 2 kV Ga ions to minimise FIB-induced damage. The atom probe 
tips were cooled down to 55 K. A 355 nm wavelength, frequency tripled 
Nd:YAG laser at 40 pJ and 200 kHz was used to sputter atoms from the 
tip under ultra-high vacuum, at an average detection rate of 1.0%. The 
detection efficiency of the LEAP 5000XR is 52% [20]. CAMECA IVAS® 
3.8.4 software was used to reconstruct the 3D chemical atomic maps. 
SEM micrographs of the final tip shape and crystallographic pole 
indexing were used for reconstruction of the APT maps. A maximum 
separation method was used to study the nanoclusters [21] with the 
following parameters: Nmin = 10, order = 1, dmax ranging from 0.8–1.5 
nm and L = derosion = 0.5dmax. The size, number density and composition 
of nano-clusters were calculated using the solute ions of VN, YO, Y, O 
and TaO2. 

3. Results and discussion 

3.1. SEM and TEM observations 

Fig. 1 shows an SEM image of the microstructure of ODS Eurofer. The 
material has an average grain size of around 2 μm. A large number of 
precipitates (50–200 nm) was found to be present preferably along the 
grain boundaries in the material. EDS analysis indicated that the pre-
cipitates were rich in Fe, Cr, W and C, which can be identified as M23C6 
carbides (M = Fe, Cr and W) based on their size and chemical compo-
sition. The presence of M23C6 carbides is commonly found in chromium 
containing steels (Davis et al. [22] observed these carbides in APT). 
They can play an important role in affecting the mechanical properties 
of the material such as strength, toughness and ductility depending on 
their size and morphology [23]. In addition, a high number density of 
nano-precipitates can be observed in the steel matrix. Fig. 2 shows a 
TEM micrograph of an enlarged area of the ODS Eurofer steel. Two 
distinct particle size distributions can be seen within the microstructure: 

Fig. 1. An SEM micrograph of ODS Eurofer showing M23C6 carbides and nano- 
precipitates. 
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large (5–15 nm) and small (1–5 nm). The pinning effect by these nano- 
particles on the dislocations is clearly manifested in the micrograph, 
which could lead to an enhanced creep resistance compared to non-ODS 
steels. The chemical composition of a large precipitate (#1, Fig. 2) was 
measured by STEM–EDS and is shown in Table 1. It can be seen that the 
precipitate is a Y-O based nanoparticle enriched in alloying elements. 
The V and Ta contents are significantly higher in the particle compared 
to the matrix, indicating a segregation effect and preferential solute 
element clustering. The Y/O atom ratio is around 0.56. Due to the res-
olution limitation of the TEM equipment used [24], EDS was unable to 
resolve and characterise the composition of nano-precipitates smaller 
than 3 nm. 

3.2. APT analysis 

In order to accurately characterise the finely dispersed nano-oxide 
particles in ODS Eurofer, APT was conducted to perform cluster anal-
ysis on the atomic scale. Table 2 summarises the concentrations of ele-
ments in ODS Eurofer averaged over 5 analysed tips irrespective of their 
spatial distribution. The matrix composition was estimated from data 
that excluded the atoms of clusters in the volumes. In general, there is a 
good agreement between the X-ray fluorescence (XRF, for heavy ele-
ments) and LECO analysis (for C) measured chemical composition and 
the APT measured results, indicating that the identifications of ion 
species within the APT mass-spectrum is reasonable. The measured C 
content is lower than the chemical composition. Due to the low solu-
bility of C in bcc Fe, it can be assumed that the majority of C is likely to 
have segregated and formed carbides (such as M23C6) and is not 
captured in the APT datasets due to the small volume probed. The matrix 
composition is depleted with Y and O, probably due to the formation and 
segregation of the Y-O clusters. More importantly, according to Ref. [11, 

13] on the structure of nanoclusters in ODS steels, V and Ta can play an 
important role in affecting the formation of nano-oxides. Due to the low 
level of V and Ta detected by APT, ODS Eurofer–2V–1.2Ta were made 
and analysed to further investigate their influences on the nature of 
nanoclusters. The chemical and APT measured compositions of the 
modified material are also presented in Table 2. 

Three dimensional elemental maps of ODS Eurofer and ODS Euro-
fer–2V–1.2Ta were obtained by APT and are shown in Fig. 3. In ODS 
Eurofer (Fig. 3(a)), elements of Fe, Cr, Mn, W, C and Si were relatively 
homogeneously distributed in the analysed volume. The elemental dis-
tribution of Fe is shown as an example with a uniform distribution. 
Elemental maps of V, O, and Y show non-homogenous distribution (i.e. 
clustering) features, indicating an enrichment of these solute elements in 
the nanoclusters. In addition, molecular ions of VO, YO and TaO2 have 
been identified from the mass spectrum and overlap with previously 
mentioned clusters, providing confidence that they contribute towards 
the cluster analysis. In the case of ODS Eurofer–2V–1.2Ta (Fig. 3(b)), the 
ion point cloud maps quantitively reveal a higher density of nanoclusters 
in the sample. The averaged number density of the clusters is 5.15 ×
1023 m− 3 compared to 2.44 × 1023 m− 3 found in ODS Eurofer. More-
over, it is notable that the size and spatial distributions of the nano-
clusters are not homogenous in either condition (a common feature in 
ODS steels [25]). The corresponding size distribution of nanoclusters is 
shown in Fig. 4. The size of nanoclusters varies from 1.8–12.2 nm, with 
the average value of 4.13 nm in ODS Eurofer, while that in ODS Euro-
fer–2V–1.2Ta ranges from 1.2–14 nm, with the average value of 2.96 
nm. The experimental results suggest that the addition of V and Ta ap-
pears to affect and promote the formation of small, high density 
nanoclusters. 

The averaged chemical composition of the nanoclusters in ODS 
Eurofer is shown in Table 3. The measured Fe by APT is around 36.56 at. 
%, which is probably the result of trajectory aberrations [11]. Although 
it is possible that nano-oxides contain Fe, it is very unlikely that such a 
high level of Fe is present in the core of the particles, due to a very low 
solubility of Fe in Y2O3 [26]. The exact quantity of Fe in the clusters is 
not addressed in this study. Instead, following the method proposed by 
Williams et al. [11], the Fe contribution in the clusters was artificially set 
to zero. The Fe level was used to estimate the quantity of the other 
matrix elements introduced by trajectory aberrations, which were 
removed from the raw composition. The obtained cluster composition is 
quoted as “matrix corrected” in Table 3. It can be seen that the clusters in 
ODS Eurofer are mainly composed of V, Y and O and enriched with other 
alloying elements. The averaged chemical composition of the nano-
clusters in ODS Eurofer–2V–1.2Ta were measured and corrected by the 
same method. Of noted interest, the Ta level is significantly higher, 
while the V level is lower compared to the clusters in ODS Eurofer. This 
could be due to the addition of Ta in the material. Considering that Ta 
has a higher affinity for O than V [27], it is possible that Ta combines 
with O in Y2O3 and pushes V to the outside of the particle core. 

To further investigate the composition difference in small and large 
clusters, the averaged chemical composition of clusters larger than 6 nm 
in ODS Eurofer and clusters larger than 4 nm in ODS Eurofer–2V–1.2Ta 
were measured and are shown in Table 3. It can be seen that in both 
cases, the Ta and Cr level increase and the Y level slightly decreases for 
the large clusters. This indicates that there are more Ta and Cr atoms 
contributing to the formation of large nanoclusters, leading to a lower 
level of Y in the clusters. 

The Y/O ratio of nanoclusters in ODS Eurofer and ODS Euro-
fer–2V–1.2Ta are plotted in Fig. 5. In both cases, the smaller clusters 
have a variable stoichiometry, while in the larger clusters, the Y/O ratio 
shows a relatively constant value of around 0.51 ± 0.16, which is in 
good agreement with the TEM analysis. (It is worth mentioning that, 
while no crystallographic measurements were conducted to determine 
the stoichiometry, the compositional measurements indicate what the 
stoichiometry would be.) In addition, the Y/O ratio of the larger clusters 
in ODS Eurofer–2V–1.2Ta is slightly lower than that in ODS Eurofer, 

Fig. 2. A TEM image of ODS Eurofer showing large and small nano-precipitates 
interacting with dislocations. 

Table 1 
Chemical composition of a nano-precipitate and the matrix of ODS Eurofer 
shown in Fig. 2.  

Element (wt%) #1 #2 

C 0.51 0.06 
Si – 0.07 
Cr 10.28 9.06 
Fe 51.78 88.78 
W 0.87 0.75 
V 9.48 0.34 
Y 15.04 0.11 
O 4.83 0.36 
Mn 0.90 0.55 
Ta 6.28 0.02  
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probably due to a higher number of molecular ions of VO and TaO2 in 
the clusters. 

Two one-dimensional concentration profiles obtained from a cylin-
der of 2 nm diameter and intercepting an interested particle are shown 
in Fig. 6. One particle of around 2.5 nm diameter in ODS Eurofer (Fig. 6 
(a)) and one particle of around 8 nm diameter in ODS Eurofer–2V–1.2Ta 
(Fig. 6(b)) were analysed. By examining the cross-sectional composition 
profiles, it appears that the particles have a pronounced core/shell 
structure. It can be seen that Cr and V have higher levels near the par-
ticle–matrix interface, forming the shell, whereas Y, O and Ta are more 
concentrated at the core. The level of other alloying elements (excluding 
Fe) in the shell and core of the particles is lower than 0.5 at.% and does 
not seem to play an important role in affecting the structure of nano-
clusters. The formation of the core/shell structure in our study is 

possibly due to a segregation of elements to the particle/matrix inter-
face. As Ta and Y have a higher affinity for O than Cr and V, Ta and Y 
tend to bind with O in the particle core, while some of the Cr and V are 
pushed to the surrounding shell. Another possible reason proposed by 
Williams et al. [11] is that the shell can act as an interfacial phase in 
nanoparticles, lowering the surface energy and promoting the formation 
of nanoparticles. 

The composition of ODS steels should be carefully designed to fulfil 
the requirements for the cladding structure in nuclear power plants. For 
example, the addition of Cr was to achieve a better corrosion resistance 
while W was used to replace Mo, Nb, and Ni in conventional ferritic 
steels to obtain low activation capability [28]. In this study, the 
important role of V and Ta in cluster formation is confirmed by an 
analysis of the mass spectrum of the evaporated particles. It has been 

Table 2 
X-ray fluorescence and LECO analysis measured and APT measured compositions of ODS Eurofer and ODS Eurofer–2V–1.2Ta.  

Element ODS Eurofer by 
XRF/LECO (at.%) 

ODS Eurofer bulk 
by APT (at.%) 

ODS Eurofer matrix 
by APT (at.%) 

ODS Eurofer–2V–1.2Ta by 
XRF/LECO (at.%) 

ODS Eurofer–2V–1.2Ta bulk 
by APT (at.%) 

ODS Eurofer–2V–1.2Ta matrix 
by APT (at.%) 

C 0.42 0.02 0.08 0.43 0.05 0.11 
Si 0.02 0.04 0.05 0.02 0.04 0.05 
Cr 9.16 9.03 9.14 9.52 9.01 9.17 
Fe 89.05 89.99 90.11 86.47 88.56 88.94 
W 0.28 0.30 0.25 0.31 0.24 0.30 
N – 0.04 0.02 – 0.07 0.03 
V 0.19 0.18 0.13 2.1 1.06 0.98 
Y 0.12 0.06 0.02 0.13 0.14 0.05 
O 0.21 0.20 0.06 0.22 0.60 0.19 
Mn 0.53 0.13 0.16 0.45 0.14 0.14 
Ta 0.03 0.01 0.01 0.33 0.08 0.03  

Fig. 3. APT 3D reconstruction of (a) ODS Eurofer and (b) ODS Eurofer–2V–1.2Ta.  
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revealed that, apart from ions and isotopes such as Cr+2, V+2, Y+3, and 
O+, a number of molecular ions, such as CrO2

+3, YO+2, VO+2, VO2
+1, 

TaO2
+1 and TaO2

+2, were identified from the mass spectrum. It should be 
noted that the evaporation of such ions is possible only if there is a large 

affinity between the atoms [29]. It is likely that there is a competition 
effect between Cr, Y, V and Ta binding with O when forming nano-
clusters, suggesting how and why Cr, V and Ta solute elements enter the 
core of Y2O3 particles. However, whether the formation of Y2O3 particles 

Fig. 4. Size distribution of nanoclusters in (a) ODS Eurofer and (b) ODS Eurofer–2V–1.2Ta.  

Table 3 
Averaged chemical composition of the nanoclusters in ODS Eurofer and ODS Eurofer–2V–1.2Ta.  

Element Nanoclusters in ODS Eurofer Clusters larger than 6 nm in ODS 
Eurofer 

Nanoclusters in ODS Eurofer–2V–1.2Ta Clusters larger than 4 nm in ODS 
Eurofer–2V–1.2Ta 

Measured (at. 
%) 

Matrix corrected 
(at.%) 

Measured (at. 
%) 

Matrix corrected 
(at.%) 

Measured (at. 
%) 

Matrix corrected 
(at.%) 

Measured (at. 
%) 

Matrix corrected 
(at.%) 

C 0.04 0.02 0.08 0.09 0.05 0.03 0.09 0.07 
Si 0.08 0.10 0.16 0.30 0.04 0.04 0.10 0.13 
Cr 6.19 4.18 8.97 8.76 2.96 1.19 5.25 2.83 
Fe 36.56 0.00 50.4 0.00 19.70 0.00 33.93 0.00 
W 0.13 0.05 0.21 0.16 0.09 0.03 0.19 0.12 
N 4.18 6.95 2.87 6.49 7.77 9.97 4.99 8.05 
V 16.72 28.13 11.21 25.29 15.42 19.53 13.23 20.79 
Y 13.27 22.22 9.02 20.45 19.72 25.32 12.67 20.45 
O 22.60 37.99 16.62 37.66 29.26 37.53 25.03 40.35 
Mn 0.08 0.13 0.13 0.09 0.05 0.03 0.14 0.15 
Ta 0.15 0.24 0.32 0.72 4.94 6.34 4.38 7.06  

Fig. 5. Y/O ratio of nanoclusters in (a) ODS Eurofer and (b) ODS Eurofer–2V–1.2Ta.  
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occurs before or after the oxidation of vanadium and tantalum is beyond 
the scope of this study. Considering the high level of V and Ta in the 
nanoclusters irrespective of size and composition, at least it cannot be 
excluded that V and Ta can act as nucleation sites for Y2O3 clusters. 

By subtracting the O atoms in molecular ions composed of Cr, V, Ta 
and O, the calculated Y/O ratios at the core of the small and large par-
ticle in Fig. 6 are around 1.58 and 0.69, respectively. According to 
Williams et al. [11] and Miller et al. [30], oxygen atoms in the clusters in 
ODS steels generally have a greater radius of gyration than the segre-
gated metal atoms. This could cause a slightly underestimated oxygen 
level when using the maximum separation method to define clusters. 
Therefore, the core of the larger particle is likely to have Y2O3 stoichi-
ometry, assuming that the actual Y/O ratio is close to 0.67. This finding 
is consistent with the results found by Sakasegawa et al. [31] and He 
et al. [32], which concluded that the composition of nanoclusters could 
be affected by their size and the larger particles tend to have a stable 
phase of yttrium oxide (Y2O3). 

4. Conclusions 

Nanoclusters in ODS Eurofer and ODS Eurofer–2V–1.2Ta steels were 
characterised by means of SEM, TEM and APT. The following conclu-
sions from this study were as follows:  

(1) The nanoclusters have a number density of 2.44 × 1023 m− 3 with 
an average diameter of 4.13 nm in ODS Eurofer in comparison 
with a number density 5.15 × 1023 m− 3 with an average diameter 
of 2.96 nm in ODS Eurofer–2V–1.2Ta. The addition of V and Ta 
appears to influence and promote the formation of small, high 
density nanoparticles.  

(2) There is a difference in composition between the small particles 
(<4 nm) and large particles (around 5–15 nm). The small parti-
cles have a variable stoichiometry while the large particles are 
likely to have Y2O3 stoichiometry. 

(3) Cross-sectional composition measurements show that the nano-
particles have a core/shell structure. Y, O and Ta are found to be 
enriched in the core whereas Cr and V are predominantly present 
in the shell, which is possibly due to a competition of elements 
binding with O. 

APT is a powerful tool to characterise nanocluster features in ODS 
steels. However, the operating conditions and data interpretation need 
to be carefully addressed to obtain self-consistent and valid results to be 
compared to other characterisation techniques. 
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