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A B S T R A C T

In this work, Zr addition is proposed to refine the nanoparticle dispersion in an ODS RAF steel of composition Fe-
14Cr-2W-0.3Zr-0.24Y (wt.%). Three batches of material are obtained using pre-alloyed atomized powder, where
yttrium is directly introduced in the melt, and manufactured through three different processing routes. First
route is based on the newly developed STARS route that aims to avoid subsequent mechanical alloying. The
second route explores the impact of mechanical alloying in pre-oxidized powders. The third route uses me-
chanically alloyed powders without the pre-oxidation process. The ODS-powders were individually consolidated
by hot isostatic pressing and later hot rolled. The obtained materials were characterized by small-angle neutron
scattering (SANS) and X-ray absorption spectroscopy (XAS) techniques. SANS and XAS analysis point out the
absence of oxide nanoparticles in the material based on the STAR route. SANS analysis confirms that the me-
chanically alloyed materials do exhibit the presence of nanoparticles. These are identified as Zr-O-rich nano-
precipitates by XAS and the calculated A-ratio by SANS is linked with the phase Y2Zr2O7. Their radii are in the
range of 3–3.6 nm. XAS results show that mechanical alloying minimizes the initial differences regarding the
oxidation state between the ODS powders with and without pre-oxidation.

1. Introduction

Nuclear fusion reactors represent a worldwide technology challenge
in both research and industrial development. One related leading topic
is structural materials design and production [1–3]. Particularly, oxide
dispersion strengthened (ODS) reduced activated ferritic (RAF) steels
are considered one of the most advanced materials candidates in fusion
reactor applications [4–6]. They are characterized by superior me-
chanical strength at high temperatures and radiation damage resistance,
supported by fine grain sizes, formation of secondary phases and high
dislocation densities and a homogeneous distribution of nanosized Y-
rich oxide particles [7,8]. Moreover, the nanosized oxide particles may
act as sinks for radiation defects, hence increasing the irradiation
resistance of the material [9,10].

The mechanical properties of ODS steels reveal exceptional perfor-
mance, primarily due to the presence of uniformly distributed nanosized
oxide particles within the steel matrix [11]. These nanoparticles
enhance the mechanical response through several mechanisms: they

impede dislocation motion, significantly increasing yield strength and
tensile strength even at elevated temperatures; the fine dispersion of
oxide particles within the matrix contributes to grain refinement,
particularly in ODS RAF steels, which further improves strength and
toughness by restricting grain boundary movement during deformation;
additionally, these nanoparticles act as pinning points that stabilize the
microstructure against grain growth at high temperatures, maintaining
the fine grained structure necessary for high-temperature strength.

From the perspective of radiation resistance, the nanoparticles play a
crucial role in mitigating the detrimental effects of radiation, which, in
steels can induce the formation of voids, dislocation loops, and other
defects that can ultimately degrade their mechanical properties [12].
The finely dispersed oxide particles in ODS steels serve as effective sinks
for these radiation-induced defects. By capturing and annihilating va-
cancies and interstitials, the nanoparticles reduce the accumulation of
radiation damage within the steel matrix, thus preserving its structural
integrity under prolonged exposure to high neutron fluxes. This unique
ability not only enhances the radiation tolerance but also prolongs the
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service life of ODS steels in the harsh environment of nuclear reactors,
making them promising candidates for structural applications in fusion
technology [9].

ODS RAF steels are based on an Fe-Cr matrix, with Cr content be-
tween 12–16 wt.%, and the addition of other low-activation metallic
elements. Zirconium and/or titanium would enhance the precipitation
and refinement of the oxide nanoparticles for improving strengthening
and radiation resistance of the material [13–15]. Titanium is known as a
key element to favor the refinement and homogeneous distribution of Y-
rich nanoprecipitates in ODS steels [9,16]. Titanium substitution by
zirconium may promote an even finer nanoparticle dispersion [17], due
to the higher stability of Y-rich nanodispersoids by the higher binding
energy of zirconium in a Fe-matrix. The selection of zirconium will also
imply a cost reduction in the production of ODS steels at laboratory and
industrial scales, since zirconium is significantly cheaper than titanium
[18,19]. The experimental data available on Zr-based ODS steels is still
scarce [15,17,20]; this work aims to contribute to increase the current
knowledge for this ODS RAF steels variant. Most investigations
addressing the production of ODS steels with zirconium or other
chemical alternatives focus on the substitution of yttrium by zirconium
[21], which is not the presented approach; those investigations postulate
alternative oxides (as for example ZrO2) based on their Gibbs free en-
thalpies and thermal stabilities and have already confirmed the potential
of these candidates to produce ODS RAF steels.

The STARS route introduces yttrium directly in the melt prior to gas
atomization with Ar and bypasses the mechanical alloying step. How-
ever, inert gas atomization minimizes the necessary oxygen gain to later
form nanometric oxides. The STARS route is designed to introduce the
necessary oxygen content by surface oxidation of the prealloyed metallic
atomized powder [22]. This oxidation forms a thin oxide layer on the
powder particle surfaces that will later dissociate during high

temperature consolidation. Then, the oxygen will diffuse and reach the
yttrium and zirconium atoms to form Y-rich or Y-Zr-rich nano-
dispersoids. Oxygen intake in this powder is additionally explored by the
traditional step of mechanical alloying, on powders with and without
previous surface oxidation. This research aims to present novel work on
the comparison of ODS steels produced by using or avoiding the me-
chanical alloying step and analyzing their impact on the precipitation
and refinement of the expected nanodispersion of oxide particles.

Previous studies have focused on studying the stability of an ODS
RAF steel with chemical composition Fe-14Cr-2W-0.4Ti-0.3Y2O3 (wt.%)
at fusion power reactors relevant operational conditions [23–25].
Benefiting from the knowledge acquired, the design, production and
characterization of a new ODS RAF steel variant is being addressed. The
chemical composition of the new proposed material is defined by: (a)
Substitution of the 0.4 wt% Ti in the mentioned composition by 0.3 wt%
Zr to potentially enhance the nanoparticle precipitation and size
refinement; and (b) Addition of 0.24 wt.% Y in the melt prior to atom-
ization as a nanoparticle precursor, instead of 0.3 wt.% Y2O3 nanosized
powder typically added in the mechanical alloying step. The new
nominal chemical composition is Fe-14Cr-2W-0.3Zr-0.24Y (wt.%).

Three processing routes were investigated (Fig. 1). Two of them
include mechanical alloying and the other one explores the STARS
route, which avoids mechanical alloying. Powders obtained by each
route, referred as Batch-I, Bach-II and Batch-III, were individually
consolidated by hot isostatic pressure (HIP) followed by hot rolling
(HR). The aim of this work is to present the design and production of a
Zr-based ODS steel and the initial characterization of the nanoparticle
dispersion by small angle neutron scattering (SANS) and X-ray absorp-
tion spectroscopy (XAS) techniques.

2. Experimental

2.1. Processing route

The processing route followed to manufacture the Zr-based ODS steel
is described as follows:

1. Yttrium was included in the melt to obtain prealloyed Fe-Cr-W-Zr-Y
gas atomized powder. The metallic Fe-14Cr-2W-0.3Zr-0.24Y (wt.%)
powder was atomized with argon gas of high purity. It was sieved to
obtain particles below 500 µm in size. A total amount of 3 kg of
powder was produced and provided by CEIT-BRTA: 2 kg were sur-
face oxidated and 1 kg was not. The oxidized powder was subdivided
into two different sets, of 1 kg each. First set of 1 kg was directly
consolidated with no mechanical alloying (Batch-I in Fig. 1). The
second set of 1 kg and the 1 kg of non-oxidized original powder were
mechanically alloyed individually and later consolidated (Batch-II
and Batch-III, respectively, in Fig. 1)
Oxidation was promoted through a thermal treatment below 723 K
under an oxidizing atmosphere that leads to logarithmic oxidation
kinetics, allowing a fine control of the oxygen intake [26] up to a
1540 ppm O2 content. Chemical composition of the obtained pow-
ders was performed by inductively coupled plasma mass spectrom-
etry (ICP-MS) and the oxygen content was determined by the fusion
method under inert gas. A detailed chemical composition is sum-
marized in Table 1. It is worth noting the difference in O2 content
between the original and oxidized atomized powders and the influ-
ence of ball milling, that minimizes this difference, but different N
contents could be appreciated.

2. Mechanical alloying was performed in a planetary mill with
austenitic steel vessels and balls under an Ar atmosphere at 300 rpm
maximum rotational speed. The ball-to-powder ratio was 10:1 and
the total milling time 27 h. The mill performed four 2 h cycles,
alternated with 15 min pauses for cooling; the Ar atmosphere was
renewed at intervals of 9 hFig. 1. Schematic of the production routes to manufacture three batches of Zr-

based ODS steels.
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3. Consolidation. HIP was used to individually consolidate the three
batches of material. The consolidation process of the three powder
batches was performed by CEIT-BRTA using their own-designed (low
carbon steel) cans with an approximate size of 40 × 40 × 80 mm3.
The mechanically alloyed powders were sieved to discard agglom-
erated particles over ~500 µm. Then, the cans were filled, vacuum
degassed and sealed prior consolidation in an Ar pressure of 150MPa
at 1373 K for 3 h. Heating rate was set to 10 K/min; the consolidated
batches were air cooled at ambient conditions

4. After HIP, the three cans were hot rolled. HR was performed at the
OCAS Zwijnaarde Center in Belgium. The capsules were preheated at
1373 K for 30min and rolled for 15 passes, achieving an approximate
final thickness of 10 mm (~75 % thickness reduction). Between 5
and 12% rolling reductions were induced per pass and intermediate
reheating was performed once. The reheating time was 15 min
Hot rolling of Batch-I was successful, since no edge cracks were
observed. After the 9th pass the material was reheated for 15 min.
Final thickness for Batch-I was 9.4 mm. Batch-II was rolled in an
identical manner as Batch-I; minor edge cracks formed but, overall,
the rolling of Batch-II was successful as well. Final thickness for
Batch-II was 9.7 mm. For Batch-III, it was attempted to avoid the
intermediate reheating step. Significant edge crack formation
occurred after the 12th pass, at a thickness around 16 mm. To
compare the microstructure of the three batches, the rolling process
continued to the final thickness target of 10 mm. The formed cracks
continued to develop. The cracks were mainly placed on one side of
the plate. Final thickness for Batch-III was 10.0 mm. Overall, the
flatness of all capsules was good.

2.4. Characterization techniques

The crystallographic phases present in the material were character-
ized by X-ray diffraction. These measurements were performed at Uni-
versidad Carlos III de Madrid facilities, in a X-Pert Phillips
diffractometer using Cu radiation at 40 kV, 40 mA, 0.04◦ step width and
2.5 s measuring time per step; and at the Materials Science and Engi-
neering Department at Delft University of Technology, using a Bruker-
AXS D8 diffractometer in Bragg-Brentano geometry, with Cu Kα radia-
tion at 45 kV and 40mA, 0.015◦ step size in 2θ and 2 s as measuring time
per step.

Small-angle neutron scattering (SANS) and x-ray absorption spec-
troscopy (XAS) are advanced characterization techniques, which, in this
work, have been used to characterize the dispersion of nanoparticles in
oxide dispersion-strengthened (ODS) steels on a macroscopic scale.
These techniques enable the analysis of large material sections (0.1–1
cm2). The size distribution of nanoscale phases can be measured by
SANS, while chemical characterization can be performed by XAS.

XAS is divided into two main features: X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine structure
(EXAFS). XANES offers insights into the electronic and geometric
structure and oxidation states of the material, while EXAFS reveals in-
formation about the local atomic structure, such as atomic distances and
chemical coordination, for specific atomic elements.

This study aims to deliver a morphological and chemical character-
ization of nanoprecipitates in the ODS ferritic steels combining the ca-
pacities of both SANS and XAS.

A SANS experiment was performed using the ZOOM instrument at
the Rutherford Appleton Laboratory (experiment RB2310339) [27]. The
detector to sample distance was 4 m, the neutron beam size 4 × 4 mm2,
and the beam wavelength varied between 1.75 and 16.5 Å. The exper-
iment was performed at room temperature (RT), applying a saturating
magnetic field (H) of ~1.4 T to align the magnetic contributions. Scat-
tering intensities for Batch-I, Batch-II and Batch-III were obtained on
squared 1 × 1 cm2 and 1 mm thickness samples on the transversal-short
(TS) and longitudinal-transversal (LT) planes. A two-phase model of a
matrix with polydisperse nanoparticles was applied using SasView 5.0.5
[28]. This first part of the model commonly follows a power law. In this
region, the scattering function decreases at low momentum transfer (Q),
where the contribution of microstructural heterogeneities, ranging
around tens of nanometers, and the grain boundaries are included. The
second contribution of the model assumes spherical nanoparticles for
higher Q values based on a Guinier law approximation [29]. No evi-
dence was found for other nanoparticle geometries. In the presence of a
high magnetic field the matrix magnetization is saturated and the
magnetic scattering can be experimentally determined from the differ-
ence between the scattering intensity contributions perpendicular and
parallel to H. The ratio between the magnetic and nuclear sum over the
nuclear contribution is defined as the A-ratio, that can provide details
about chemical composition, magnetization and atomic density for
secondary phases.

XAS data collection was granted at the ALBA synchrotron light
source facility located in Cerdanyola del Vallès (Spain) at the BL22-
CLAESS beamline. XAS data were collected in fluorescence mode
using a 6 channel SDD detector on the ODS materials in final consoli-
dated state, while powder samples were collected in transmission mode.
Spectra were acquired at room temperature using a Si311 double crystal
monochromator. Spectral processing was carried out with the Athena
software package [30]. Energy calibration at Y, Zr, and Fe K-edges and
the W-LIII edge was carried out by setting the energy of the first in-
flection point of the corresponding metallic foil to 7112 eV for Fe,
17038 eV for Y, 17998 eV for Zr and 10207 eV for W. The Fe K-edge was
measured up to k= 7.0 Å− 1, Y K-edge up to k= 15.5 Å− 1, W LIII-edge up
to k = 16.4 Å− 1 and Zr K-edge up to k = 16.0 Å− 1.

EXAFS were extracted using the AUTOBK algorithm employing a
spline in the 0–16 A− 1 k-range having a Rbkg of 1.3. Hanning based
windows were used to obtain the Fourier transforms. The Artemis soft-
ware was used for EXAFS fitting, employing the FEFF 6.0 code for path
generation [29,31]. Theoretical paths were fit using a global S02 value
and ΔE0. Single and multiple scattering paths were fit in terms of Δr and
σ2, which represent the deviation from the expected interatomic dis-
tances and the structural disorder, respectively. Multi k-weighting
(1,2,3) was used to fit EXAFS spectra. To assess the quality of the fits the
Rfactor and the reduced χ2 were minimized.

Additional information regarding the SANS and XAS experiments
can be found elsewhere [32].

3. Results and discussion

3.1. X-ray diffraction

Fig. 2 and Fig. 3 show the XRD patterns for the Zr-based materials at
the different stages of their production route. They are consistent with a
single BCC ferritic phase in all cases (14754 file in the FIZ Karlsruhe-

Table 1
Chemical composition for the Zr-based ODS steels at different stages of its pro-
cessing route in wt.% (MA stands for mechanically alloying and n.m. for not
measured elements).

Element Original
powder

Oxidized
powder
(Batch-I)

Oxidized
powder + MA
(Batch-II)

Original
powder + MA
(Batch-III)

Fe Bal. Bal. Bal. Bal.
Cr 13.73 13.73 13.00 13.00
W 1.89 1.89 1.80 1.90
Zr 0.32 0.32 0.31 0.31
Y 0.26 0.26 0.23 0.23
O 230 ppm 1540 ppm 0.33 0.29
C n.m. n.m. 0.11 0.11
N n.m. n.m. 0.23 0.37
Al n.m. n.m. <0.005 <0.05
Si n.m. n.m. <0.05 <0.05
S n.m. n.m. 0.008 0.008
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ICSD database [33]). Peaks of the Zr-based original and oxidized pow-
ders are very sharp without evident differences among them (Fig. 2 (a)).
This behavior remains present for the corresponding consolidated Batch-
I (Fig. 3 (a)), being typically associated with a low number of defects and
large crystallites (>100 nm). Mechanical alloying broadens the BCC
peaks, as seen in the milled powders and the consolidated Batch-II and
Batch-III steels (Fig. 2 (b)), associated with small crystallites and
induced micro-strains, for example, from dislocations. The full width at
half maximum (FWHM) for the original and oxidized powders ranges
between 0.2–0.7 (2θ degrees), while for both materials after mechanical
alloying the FWHM increases up to 0.7–3.1 (2θ degrees). The FWHM for
Batch-I ranges 0.7–1.4 (2θ degrees), for Batch-II 0.9–2.8 (2θ degrees)
and for Batch-III 0.9–2.3 (2θ degrees).

Table 2 summarizes the obtained lattice parameters. Their values are
very similar and do not vary significantly. The oxidized powder has a
slightly larger lattice parameter than the original powder to accommo-
date the intake of oxygen atoms in the crystal lattice. Mechanical
alloying increases the lattice parameter of both original and oxidized

powders. After consolidation these differences minimize, matching the
same value of the Ti-based ODS sample [23].

Batch-III presents asymmetric peak shapes regarding the Fe BCC
phase (Fig. 3 (b) and Fig. 3 (c)). This could indicate a martensitic body-
center-tetragonal (BCT) phase (Powder Diffraction File™ 00-044-1291
[34]). Batch-II peaks seem also slightly asymmetric although to a lower
extent. There are no additional clear peaks detected that could be
associated with other secondary phases.

Fig. 2. XRD patterns from the Zr-based original and oxidized atomized powders (a) and mechanically alloyed original and oxidized powders (b). BCC peaks are
showed on the top axis in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. (a) XRD patterns from the Zr-based consolidated Batch-I, Batch-II and Batch-III ODS steels; (b) and (c) zoom-in XRD patterns from (a). BCC peaks are
indicated on the top axis in red and BCT peaks in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 2
Calculated lattice parameters for the alpha-ferrite phase for the Zr-based ODS
ferritic steel at different stages of its processing route (MA stands for mechani-
cally alloying). Statistical errors lay below 0.1 ‰ [23].

Original
powder

Oxidized
powder

Oxidized
powder +

MA

Original
powder +

MA

Batch
I

Batch
II

Batch
III

2.874 Å 2.877 Å 2.878 Å 2.876 Å 2.873
Å

2.874
Å

2.873
Å
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3.2. Small angle neutron scattering

The final consolidated Zr-based steels were studied by means of
SANS. The scattering intensities associated to the nuclear components
for the three batches in the TS and LT planes are displayed in Fig. 4 (a),
Fig. 4 (b) and Fig. 4 (c), and Fig. 4 (d), Fig. 4 (e) and Fig. 4 (f), respec-
tively. The nuclear scatterings are obtained at the directions parallel to
the applied magnetic field, H (sectors of 30◦). Fitting functions to the
experimental curves are obtained following a two-phase model (solid
lines in Fig. 4 (b), Fig. 4 (c), Fig. 4 (d) and Fig. 4 (f)) as the procedure
described in [32], and they are the sum of the dotted and dashed lines
for a power law fit and a Guinier-law approximation [35], respectively.
Previous studies on the Ti-based ODS steel by TEM and APT, and SANS
and XAS reported precipitate sizes for the nanoparticles dispersion that
link them with the Guinier-Law approximation in the two-phase model
[24,32]. The present study applies the same concept. The nuclear scat-
tering identifies non-magnetic secondary phases as scattering centers. Y-
rich oxide nanoprecipitates are non-magnetic precipitates whose
contribution is limited to the nuclear scattering component. The scat-
tering curves for Batch-I in both TS and LT planes (Fig. 4 (a) and Fig. 4
(d)) do not show any change in tendency between the power law fit and
the Guinier approximation region (see insets in Fig. 4 (a) and Fig. 4 (d)).
Thus, they do not exhibit a clear sign of nanoprecipitates presence.
Additionally, the fitting process did not converge when using the two-
phase model. Therefore, the experimental data was fitted to a single
model with only a power law fit in this material (dotted line in Fig. 4 (a)
and Fig. 4 (d)), representing the presence of larger secondary phases and
the absence of nanoparticles. In Batch-II and Batch-III a signature of
oxide nanoparticles is appreciated due to the increase in the scattering
intensity at high Q in both TS and LT planes (see figure insets and Fig. 4
(b) and Fig. 4 (c), and Fig. 4 (e) and Fig. 4 (f), respectively). Both ma-
terials were fitted with the two-phase model of a power law and a
Guinier approximation. The two materials show similar scattering in-
tensities representing similar presence of larger secondary phases and
nanoprecipitates.

Table 3 shows the theoretically calculated A-ratios for different
secondary phases based on Y-Zr-O chemical compositions in an ODS Fe-
14Cr (wt.%) matrix. These results were obtained following the proced-
ure described in [32]. For the present study, the nuclear scattering
length used for zirconium is 0.716 ⋅ 10− 12 cm. The nuclear plus magnetic
scattering component is extracted at the direction perpendicular to H
(sectors of 30◦). Then, both nuclear and nuclear plus magnetic scattering
(Fig. 5) are used to obtain the experimental A-ratios for the three ODS
materials.

The obtained A-ratios for Batch-I, Batch-II and Batch-III are shown in
Fig. 6. It depicts the A-ratios for all the Q range, although the A-ratios for
the nanoparticle dispersion were only obtained from high Q values, as
the nanoparticles are linked to the Guinier-Law approximation region,
where A-ratios remain at a constant value. The A-ratio for Batch-I could
not be obtained in the expected domain of the nanoparticle dispersion.
This region is mainly dominated by the signal background in both TS
and LT planes, thus, indicating the absence of nanoprecipitates.

The detailed characterization of the nanoparticle dispersion is pre-
sented in Table 4. Batch-II is characterized by an A-ratio of 4.0 ± 0.4 on
the LT plane and 3.1 ± 0.6 on the TS plane. Batch-III is defined by an A-
ratio of 3.9 ± 0.3 on the LT plane and 3.1 ± 0.6 on the TS plane. These
results suggest a homogenous A-ratio of 4.0 on the TS plane, and 3.1 on
the LT plane. The calculated A-ratio for Y-rich nanoparticles is then
linked in both planes with the Y2Zr2O7 phase, which exhibits the closest
A-ratio to the experimental results. (Table 3). The different crystallo-
graphic structures for Y2Zr2O7 present A-ratios of 2.71, 4.27 and 4.20.
The monoclinic P12_11 phase of Y2Zr2O7 with an A-ratio of 4.20 was
preferentially selected for the calculation of mean radii and volume
fractions from fitting functions using SasView software.

Volume fraction and mean radii were obtained with the SasView
software by setting the scattering length density and the scattering
length density solvent parameters to zero and 2.47 ⋅ 10− 6 Å− 2, respec-
tively, based on the results present in Table 3 for the monoclinic P12_11
Y2Zr2O7 phase. The results are summarized in Table 4. Mean radii

Fig. 4. SANS nuclear scattered intensity for the side-on sample orientation on Batch-I (a) and (d), Batch-II (b) and (e) and Batch-III (c) and (f), on the TS (figures on
top) and LT planes (figures at the bottom). Fitting functions are also displayed. The two-phase model (solid line) represents the sum of the power law fit (dotted line)
and the Guinier approximation (dashed line).Figure insets in (a) and (d) represent the overlapping experimental results for Batch-I, Batch-II and Batch-III on the TS
and LT planes, respectively, for an easier comparison.
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remain between 3.0 and 3.6 nm for both Batch-II and Batch-III in the
different planes. Particularly, the nanoparticle dispersion is slightly
more refined in Batch-III. The present analysis shows larger mean radii
for the nanoparticles in the Zr-based samples than in the previously
characterized Ti-based material, in which the mean nanoparticle radii
was 2.45 ± 0.04 nm [32]. Batch-III presents slightly higher volume
fractions and number densities of nano oxides than Batch-II, while the
Ti-based ODS presented higher values (0.96 ± 0.03 % [32]) than both
Batch-II and Batch-III. The substitution of titanium by zirconium in this
ODS steel seems to decrease the nanoprecipitates number density while
simultaneously increasing their sizes. Additionally, the different results
between the TS and LT planes in both Batch-II and Batch-III might be
related to the anisotropic properties induced by the HR treatment
applied on these materials. HR might modify the nanoparticles mor-
phologies where they are no longer perfect spheroids but ellipsoids, and
they exhibit larger axes on the LT plane and shorter axes on the TS one,
inducing larger mean radii and sizes in the LT plane than in the TS one.

In Fig. 5, Batch-I presents an increase in the magnetic signal on the
LT plane for all Q values (Fig. 5 (b)). This might indicate the presence of
magnetic scattering centers preferentially aligned in the rolling direc-
tion matching this plane. This magnetic contribution is also present in
Batch-II and Batch-III in both TS and LT planes, but restrained at lower Q
values.

To assess the effects of HR on the steel microstructure and secondary
phases, pairs of data sets were acquired varying the sample orientation
90◦ perpendicular to the beam axis (horizontal and side-on orienta-
tions). The experimental results are depicted in Fig. 7. There is a sign of
anisotropies on the TS planes for the three materials (Fig. 7 (a), Fig. 7 (c)
and Fig. 7 (e)). Isotropic materials would present overlapping data while
comparing the respective experiments from different orientations, i.e.,
the side-on and horizontal configurations. The observed differences in
the scattering intensities, which are more evident in the power law
approximation region and linked to the presence of larger precipitates,
are a sign of these anisotropies. Additionally, the nuclear scattering
curves present higher intensities on the side-on orientation, while the
magnetic scattering curves present higher values on the horizontal
configuration. Particularly, these anisotropies are more noticeable on

Table 3
Theoretically calculated A-Ratio for different Y-rich precipitates in an Fe-14Cr (wt.%) matrix.

Secondary Phase Structure Vat (cm3) Δρ2nucl(cm
− 4) Δρ2mag(cm

− 4) A-ratio

Y4Zr3O12 Triclinic P1 1.32 ⋅ 10− 23 5.38 ⋅ 1020 1.96 ⋅ 1021 4.64
Y4Zr3O12 Triclinic P1 1.32 ⋅ 10− 23 5.22 ⋅ 1020 1.96 ⋅ 1021 4.76
Y4Zr3O12 Triclinic P1 1.31 ⋅ 10− 23 5.12 ⋅ 1020 1.96 ⋅ 1021 4.83
Y2Zr2O7 Monoclinic C12/m1 1.69 ⋅ 10− 23 1.14 ⋅ 1021 1.96 ⋅ 1021 2.71
Y2Zr2O7 Cubic Fd3m1 1.36 ⋅ 10− 23 6.00 ⋅ 1020 1.96 ⋅ 1021 4.27
Y2Zr2O7 Monoclinic

P12_11
1.36 ⋅ 10− 23 6.13 ⋅ 1020 1.96 ⋅ 1021 4.20

YZrO3 Monoclinic
C121

1.43 ⋅ 10− 23 5.13 ⋅ 1020 1.96 ⋅ 1021 4.82

YZrO3 Orthorhombic
I2_12_121

1.44 ⋅ 10− 23 5.31 ⋅ 1020 1.96 ⋅ 1021 4.69

YZr4O9 Triclinic P1 1.27 ⋅ 10− 23 3.25 ⋅ 1020 1.96 ⋅ 1021 7.03
YZr4O10 Tetragonal

I4/m
1.18 ⋅ 10− 23 1.88 ⋅ 1020 1.96 ⋅ 1021 11.40

YZr5O11 Monoclinic P1m1 1.26 ⋅ 10− 23 3.08 ⋅ 1020 1.96 ⋅ 1021 7.36
YZr5O12 Monoclinic

C121
1.18 ⋅ 10− 23 1.94 ⋅ 1020 1.96 ⋅ 1021 11.11

YZrO14 Cubic Fd3m1 1.31 ⋅ 10− 23 2.99 ⋅ 1020 1.96 ⋅ 1021 7.55
Y2Zr8O19 Tetragonal

P4m2
1.18 ⋅ 10− 23 1.93 ⋅ 1020 1.96 ⋅ 1021 11.17

YZr9O20 Triclinic P1 1.18 ⋅ 10− 23 1.98 ⋅ 1020 1.96 ⋅ 1021 10.89
Y2Zr9O22 Monoclinic

P1m1
1.18 ⋅ 10− 23 1.91 ⋅ 1020 1.96 ⋅ 1021 11.27

Y2Zr24O51 Orthorhombic
Pmm2

1.20 ⋅ 10− 23 2.32 ⋅ 1020 1.96 ⋅ 1021 9.45

Y6Zr22O53 Orthorhombic
Pmm2

1.24 ⋅ 10− 23 2.80 ⋅ 1020 1.96 ⋅ 1021 7.99

Y6Zr22O53 Trigonal R3m 1.24 ⋅ 10− 23 2.74 ⋅ 1020 1.96 ⋅ 1021 8.14

Fig. 5. SANS scattered intensity for the side-on sample orientation on the (a) TS
and (b) LT planes.
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the magnetic scattering signal. This could be associated to the presence
of non-magnetic and magnetic scattering centers preferentially aligned
in a particular direction. This direction might be induced by grain
boundaries as a consequence of the HR (as previously reported in [32]).
The regions of Q related to the presence of nanoparticles at the Guinier
law region do not show any sign of anisotropies thus, a homogeneous
distribution of nano oxides can be expected in Batch-II and Batch-III. It is
still worth noting the absence of any sign that could be associated with

the presence of oxide nanoparticles in Batch-I at the Guinier approxi-
mation region, for any sample orientation or plane. The LT planes do not
show nuclear nor magnetic anisotropies, as the scattering intensities
comparing the side-on and horizontal configurations overlap; this plane
may exhibit a lower microstructural anisotropy after HR (Fig. 7 (b),
Fig. 7 (d) and Fig. 7 (f)).

3.3. X-ray absorption spectroscopy

The four powder samples (original, oxidized and original and
oxidized with mechanical alloying) and the three final consolidated Zr-
based steels (Batch-I, Batch-II and Batch-III) were characterized by
means of XAS through the study of the X-ray absorption near edge
structure (XANES) and the extended X-ray absorption fine structure
(EXAFS).

3.3.1. X-ray absorption near edge structure – XANES
The normalized XANES spectra on the Fe K-edge for the Zr-based

material in the different powder samples evidenced a main metallic
character of the iron atoms. The four powder samples are very similar
and comparable to the metallic iron measured as reference
(Supplementary Fig. 1). The metallic bonding of iron atoms remains for
Batch-I, Batch-II and Batch-III samples (Supplementary Fig. 2). The
absorption edge has an energy of 7112 eV for the three final ODS steel
samples, same value as for the reference metallic iron.

Fig. 8, Fig. 9 and Fig. 10 (a) show the results obtained at the Y K-
edge. Additionally, three experimental references are included for
comparison purposes: metallic yttrium, Y2O3, and Fe5Y3O12. The energy
of the absorption edge was selected in the first peak of the first derivate
of μ(E). The absorption energies were 17038.0 eV for metallic Y,
17043.5 eV for Y2O3 and 17043.0 eV for Fe5Y3O12.

The analysis of the powder samples is presented in Fig. 8. It is worth
noting the high resemblance between the original and oxidized powders,
and between these samples after the mechanical alloying process, which
causes a similar variation in both samples. The energies at the absorp-
tion edge for the powder samples were: 17039.5 eV for the original
powder, 17040.1 eV for the oxidized powder, and 17041.6 eV and
17041.4 eV for the original and the oxidized powders after mechanical
alloying, respectively.

Average values of oxidation states have been estimated by the
Kunzl’s law using a linear interpolation of the shift of the edge position
with respect to the absorption edge of metallic and oxide references. The
original and oxidized powders exhibit a main metallic character, where
the oxidation state increases from 0.77+ to 1.12+ (Fig. 10 (a)). This
represents a 45 % increase that can be associated to the oxidation
treatment. The oxidation states keep increasing due to mechanical
alloying up to 1.8+ and 1.91+ (Fig. 10(a)), respectively, where the dif-
ferences between samples reduces to 6%. The original and oxidized
samples show a XANES rising edge profile reminiscent but not equal to
metallic Y. This is supported both by the rising edge energy, which
implies an oxidation state between 0.7+ and 1.1+, and EXAFS analysis
(Table 5) which shows Y-Fe scattering as the principal contribution. This

Table 4
SANS results obtained on Batch-I, Batch-II and Batch-III for the nanoparticle dispersion on the side-on orientation for the TS and LT planes. A-ratio, mean radius, Rm,
volume fraction, Vf, and number density, N.

Sample Orientation A-ratio Rm (nm) Vf (%) N (m− 3)

Batch-I TS – – – –
LT – – – –

Batch-II TS 3.1 ± 0.6 3.2 ± 0.3 0.45 ± 0.07 (3.3 ± 0.5) ⋅ 1022

LT 4.0 ± 0.4 3.6 ± 0.1 0.71 ± 0.04 (3.6 ± 0.2) ⋅ 1022

Batch-III TS 3.1 ± 0.6 3.0 ± 0.2 0.60 ± 0.01 (5.3 ± 0.1) ⋅ 1022

LT 3.9 ± 0.3 3.3 ± 0.1 0.70 ± 0.04 (4.7 ± 0.2) ⋅ 1022

Fig. 6. A-ratio for the side-on sample orientation on the (a) TS and (b)
LT planes.
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suggests the presence of low valence Y atoms dispersed in a Fe/Cr ma-
trix. The signal from yttrium atoms evolves to a spectrum very similar to
the Fe5Y3O12 phase after mechanical alloying (or an equivalent phase to
this compound) (Fig. 8).

A linear combination fit (LCF) of the different references based on
their XANES spectra was performed to elucidate their relative contri-
butions in the different material samples. The LCF showed that the
original and oxidized samples have a main metallic character, over 90%,
being slightly lower for the oxidized sample, associated to the oxidation
treatment. In turn, mechanical alloying caused an evolution in the
oxidation state, where the contribution linked to the Fe5Y3O12 phase (or
a similar compatible structure) is now predominant and over 70%.

After consolidation and hot rolling (Fig. 9), the energy values on the
absorption edge were 17043.5, 17043.1 and 17043.3 eV for Batch-I,
Batch-II and Batch-III, respectively. These values represent an oxida-
tion state of 2.96+ for Batch-I, 2.83+ for Batch-II and 2.73+ for Batch-III,
where the Y atoms in the three materials are mainly in form of oxides
close to a Y3+ value (Fig. 10 (a)). These values are in correspondence
with the results reported for the Ti-based ODS in [32]. Batch-I differs
from Batch-II and Batch-III samples, which are very similar between
them (inset in Fig. 9). Batch-I has a double structure between 17045 and

17060 eV, similar to the Y2O3 reference. Batch-II and Batch-III showed a
higher maximum absorption peak with lower intense second structures,
closer to the Fe5Y3O12 or a similar structure to this phase. A LCF, using
the Y2O3 and Fe5Y3O12 references, suggest a main contribution of the
Y2O3 phase for Batch-I, around 60 %, while Fe5Y3O12 (or a compatible
compound to this phase) is predominant in Batch-II and Batch-III,
around 80 % in both materials. On one hand, the Y signal from Batch-
I could be related to the formation of non-nanometric Y2O3 pre-
cipitates, since the SANS study has not shown presence of any type of
nanoprecipitates, while the contribution from other oxides is less
important. On the other hand, the precipitation of Y2O3 secondary
phases is minimum in Batch-II and Batch-III, because the yttrium atoms
might form precipitates as, or similar to, the Fe5Y3O12 reference that
might precipitate due to mechanical alloying and is associated with the
nanoparticle dispersion.

The influence of zirconium in the oxide nanoparticles formation is
key to understand the potential of the processing routes. Zirconium
might also be part of the Y-rich nanoprecipitates and would potentially
refine their sizes. Fig. 11 and Fig. 12 display the XANES spectra on the Zr
K-edge absorption energy obtained for the Zr-based material and
different references. The experimental references measured to compare

Fig. 7. SANS scattered intensity for the side-on and horizontal sample orientations on Batch-I on the (a) TS and (b) LT planes; Batch-II on the (c) TS and (d) LT planes,
and Batch-III on the (e) TS and (f) LT planes.
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the experimental results with different types of secondary phases were
metallic zirconium, ZrO2 and ZrC.

The study of the Zr-based material in powder form on the Zr K-edge
presents the same trend observed before for the spectra on the Y K-edge:
the original and oxidized powders are very similar and mechanical
alloying causes their evolution remaining similar but differing from the
previous state. The energy values for the absorption edge were 17988.0
eV for metallic Zr, 18005.2 eV for ZrO2 and 18001.5 eV for ZrC. The
energy for the absorption edge obtained was 17999.2 eV for the original
powder, 17999.5 eV for the oxidized powder, 18001.9 eV for the orig-
inal powder after mechanical alloying and 18002.2 eV for the oxidized
powder after mechanical alloying. The signal from zirconium atoms at
the original and oxidized powders is mainly metallic with mean oxida-
tion states increasing from 0.75+ to 0.91+, respectively, after the
oxidation treatment (Fig. 10 (b)). After mechanical alloying, mean
oxidation states keep increasing up to 2.25+ and 2.41+ for the original
and oxidized powders, respectively (Fig. 10 (b)). The experimental
spectra for the alloyed powders are now more similar to the ZrO2
reference although the contribution from metallic Zr atoms is still
noticeable on the XANES spectra and the oxidation state values.

The LCF on these samples on the Zr K-edge showed that the original
and oxidized samples are characterized by a predominant metallic
character, over 80%. After oxidation, the oxidized powder slightly
lowers its metallic character. Mechanical alloying produces a significant
oxidation in both samples where the original and oxidized powders after
alloying present a metallic character around 40%. This change matches
with an increase of the component associated to the oxides up to around
50%. ZrC was considered but does not contribute to the fit outcome.

Fig. 12 shows experimental spectra of the final consolidated Zr-based
steels. XANES spectra on the Zr K-edge maintain the same trend as in the
Zr K-edge, where Batch-II and Batch-III are very similar between them
but differ from Batch-I. The mean oxidation state for Batch-I is 2.52+,
lower than the oxidation states for Batch-II and Batch-III, 3.75+ and
3.86+, respectively (Fig. 10 (b)). The mean oxidation state of zirconium
atoms in Batch-I indicates that the contribution of zirconium atoms
forming metallic bonds is considerably high, meaning that a consider-
able amount of zirconium forms metallic secondary phases, minimizing
the proportion of zirconium used for the formation and refinement of
oxide nanoparticles. In contrast, the mean oxidation state in Batch-II and
Batch-III is very close to the expected oxidation state of a contribution
obtained from Y-rich nanoparticles (Fig. 10 (b)) suggesting their for-
mation in a higher amount in these materials.

The spectra obtained on the W LIII-edge for the Zr-based materials
and the experimental references are shown in Supplementary Fig. 3 and
Supplementary Fig. 4. The powder samples in Supplementary Fig. 3
highlight the main metallic character of tungsten atoms in the four
materials because of the high resemblance with the metallic tungsten
reference. The results on the absorption edge for all the powder samples

Fig. 8. Normalized XANES spectra on the Y K-edge for the powder samples of
the Zr-based material and the experimental references.

Fig. 9. Normalized XANES spectra on the Y K-edge for the final Zr-based ma-
terials and the experimental references. The inset represents the comparison
between Batch-I, Batch-II and Batch-III.

Fig. 10. Mean oxidation states of (a) Y and (b) Zr atoms as a function of the processing route, together with different references.
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lay around 10207 eV, which is the same value used for calibration in the
metallic tungsten reference. Neither mechanical alloying or consolida-
tion and rolling (Supplementary Fig. 4) cause a significant impact on the
evolution of tungsten rich precipitates, that remain predominantly
forming metallic bonds.

3.3.2. Extended x-ray absorption fine structure – EXAFS
The Fourier transform EXAFS data for the Y K-edge as a function of

the distance are depicted in Fig. 13 and Fig. 14 for the powder and
consolidated samples, respectively. Fitting functions obtained with the
Artemis software are also included (Fig. 14). The fitting model for the
original and oxidized powders used in Fig. 13 (a) is based in a Y-Fe path
centered at 2.75 Å. Small contributions for Y-O and Y-Y paths appear at
2.10 Å and 3.50 Å, respectively, although they have not been considered

in the fit due to their small intensities. The fitting model for the me-
chanically alloyed powders is based on a first shell with two contribu-
tions of oxygen neighbors and a second shell with a combination of iron
and yttrium atoms. First contribution of oxygen atoms has N = 4,
centered at 2.278 Å; the second contribution has N = 2, centered at
2.357 Å. At the second shell the contribution of iron atoms is centered at
2.750 Å and the contribution of yttrium at 3.557 Å. The Fe5Y3O12
spectrum is used as reference to obtain the experimental results of the
amplitude S02 = 0.805, and the energy values, ΔE0 = − 7.06 eV. Exper-
imental data were fitted in the R range between 1.4 and 3.8 Å. The
experimental results are summarized in Table 5 and Table 6.

The same trend previously observed in the XANES section is still
present in both Fig. 13 and Fig. 14. The original and oxidized powders

Table 5
EXAFS results on the powder samples of the Zr-based material and experimental references at the Y K-edge (MA stands for mechanically alloying). Theoretical values of
Y-based references obtained from CIF files are included for comparison [36] (MP stands for the Materials Project database reference).

Sample Element N Reff (Å) σ2 (Å2) R-factor

Original experimental Fe 7.7(1.1) 2.79(1) 0.020(2) 0.0101

Oxidized experimental Fe 5.6(2.2) 2.76(2) 0.016(3) 0.0076

Original + MA experimental O1 2.3(1) 2.25(1) 0.003(1) 0.0091
O2 1.2(1) 2.41(1) 0.002(2)

Total O 3.6(1) 2.30(1) 0.003(1)
Fe 1.0(1.0) 2.60(6) 0.001(6)

Fe + Y 9.6(2.3) 3.23(2) 0.011(2)

Oxidized + MA experimental O1 2.4(1) 2.25(1) 0.003(1) 0.0074
O2 0.9(1) 2.41(1) 0.001(1)

Total O 3.3(1) 2.29(1) 0.002(1)
Fe 2.1(1.2) 2.64(4) 0.003(3)

Fe + Y 4.7(1.1) 3.21(2) 0.005(2)

Y theoretical (MP: 112) Y 12 3.602

Y2O3 theoretical (MP: 2652) O 6 2.304
Y 6 3.557

Fe5Y3O12 theoretical (MP: 4704) O 8 2.426
Fe + Y 14 3.595

Fig. 11. Normalized XANES spectra on the Zr K-edge for the powder samples of
the Zr-based material and the experimental references.

Fig. 12. Normalized XANES spectra on the Zr K-edge for the final Zr-based
materials and the experimental references. The inset represents the compari-
son between Batch-I, Batch-II and Batch-III.

M. Oñoro et al.



Nuclear Materials and Energy 40 (2024) 101713

11

are very similar; after mechanical alloying both samples evolve simi-
larly; and after consolidation and rolling Batch-I differs from Batch-II
and Batch-III. The original and oxidized powders present a main
metallic contribution for iron atoms centered around 2.78 Å and a very
low signal from oxygen atoms. The low amount of first oxygen neighbors
observed in these powders might restrain the formation of oxide pre-
cipitates and thus, be responsible of the lower number of nanoparticles
present in Batch-I compared to Batch-II and Batch-III, as previously
confirmed in the SANS experiment. Mechanical alloying promotes
oxidation in both samples, as illustrated by the peak centered at 2.10 Å,
while the signal of metallic iron lowers considerably.

EXAFS results for the final consolidated materials are displayed in
Fig. 14. Batch-I has a slightly lower value for first oxygen neighbors, in
comparison with Batch-II and Batch-III, and the mean distances are very
similar for the three samples. The Debye-Waller factor is higher for
Batch-II and Batch-III, which might indicate a higher dispersion in

distances for yttrium neighbor atoms. Moreover, the Debye-Waller fac-
tor increases in one order of magnitude for the second shell, then the
structure is highly distorted at the second order. Mean distances for the
second shell are very similar for the three materials and, particularly,
Batch-I presents a considerably higher amount of Y + Zr neighbors than
Batch-II and Batch-III. This might indicate the presence of different
secondary phases in this material compared to Batch-II and Batch-III,
that remain very similar.

The results on the Zr absorption K-edge for the EXAFS region are
displayed in Fig. 15 and Fig. 16. The fitting model for the original and
oxidized powders is based on the Zr6Fe23 (M.P.: 582926) structure with
N = 8 and N = 4 iron atoms at the first shell, centered at 2.885 Å and
2.983 Å, respectively. The second shell was defined by a Zr-Zr path with
N = 4, centered at 3.396 Å and a Zr-Fe path, with N = 1, centered at
3.469 Å. The fitting model for the mechanically alloyed powders ob-
tained with the Artemis software is based on the ZrO2 experimental
reference. It is configured by a first shell with three oxygen signals with
N = 2, N = 3 and N = 2, centered at 2.062 Å, 2.166 Å and 2.261 Å,
respectively. The second shell has two components, the first with iron
atoms with N = 1, centered at 2.750 Å and the second of zirconium
atoms with N = 12 centered at 3.224 Å. The experimental results are
summarized in Table 7 and Table 8.

The original and oxidized powders are almost identical, as well as
both samples after mechanical alloying (Fig. 15). The original and

Fig. 13. Fourier transform magnitude of k2-weighted EXAFS oscillations on the Y K-edge for the powder samples of the Zr-based material (a) and a comparison with
the experimental references (b). Vertical dash lines are included on references peaks for an easier comparison. First Y-O scattering path from Y2O3 has been used for
phases correction.

Fig. 14. Fourier transform magnitude of k2-weighted EXAFS oscillations on the
Y K-edge for the final Zr-based materials. Vertical dash lines are included on
reference peaks for an easier comparison. First Y-O scattering path from Y2O3
has been used for phases correction.

Table 6
Experimental EXAFS results on Batch-I, Batch-II and Batch-III at the Y K-edge.

Sample Element N Reff (Å) σ2 (Å2) R-factor

Batch-I experimental O1 4.9(4) 2.25(1) 0.002(1) 0.0318
O2 2.5(4) 2.42(1) 0.001(2)

Total O 7.4(4) 2.30(1) 0.002(1)
Y + Zr 15.0(1.4) 3.58(1) 0.013(1)

Batch-II experimental O1 5.2(2) 2.25(1) 0.004(1) 0.0089
O2 3.4(2) 2.41(1) 0.003(1)

Total O 8.6(2) 2.30(1) 0.004(1)
Y + Zr 10.7(7) 3.61(1) 0.014(1)

Batch-III experimental O1 4.6(2) 2.25(1) 0.004(1) 0.0137
O2 3.2(3) 2.39(1) 0.004(1)

Total O 7.9(3) 2.30(1) 0.004(1)
Y + Zr 10.4(1.0) 3.60(1) 0.015(1)
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oxidized powders have a main metallic character (previously seen in
Fig. 10 (b)). Fig. 15 depicts the Fourier transform of the theoretical
EXAFS signal simulated for different compounds. The signals of the
original and oxidized powders are very similar to the Zr6Fe23 phase
although with a considerably lower intensity (the Zr6Fe23 signal is seven
times higher than the represented in Fig. 15). Thus, the number of
neighbors obtained from the fitting analysis is much smaller for the
powders samples than in the reference compound. This could be
explained by a nanostructuration of the powder materials or by the
presence of a different phase stoichiometries or other compounds (as for
example ZrFe2 M.P.: 1718). The oxidation treatment did not cause a
significant impact on mean interatomic distances; however, mechanical
alloying did.

The original and oxidized powders show two main peaks centered at
2.75 and 3.27 Å associated with the metallic bounds of iron and chro-
mium, and zirconium and yttrium, respectively. The separation between

these two peaks is related to the different atomic sizes of these chemical
elements. Additionally, there is no clear evidence of any peak around 2 Å
from oxygen atoms. After mechanical alloying, this peak associated to
oxygen atoms arises in both samples forming the structure observed
between 2.0 and 2.5 Å. A second peak is present around 3.3 Å, similar to
one of the peaks of metallic bonds observed on the powder before
alloying.

The zirconium signal in the original and oxidized powders could be
interpreted with a main metallic character formed by the combination of
lighter metallic elements as iron and chromium, and heavier ones like
yttrium, tungsten and zirconium itself. Mechanical alloying induces the
main oxidation of the samples and the second neighbors associated with
the metallic peaks evolve to form a unique peak. Now, this peak might
only be related with the heavier metallic elements previously
mentioned.

The Fourier transformmagnitude EXAFS spectra for the steels in final
consolidated states are displayed in Fig. 16. The fitting functions are
modeled with the Artemis software using a simple model based on the
ZrO2 reference. The model uses a first shell with a unique oxygen signal
with N = 7, centered at 2.165 Å, that includes three different signals of
oxygen neighbors; and a second shell also with a unique contribution of
zirconium atoms with N = 7, centered at 3.452 Å, that includes four
different signals of zirconium neighbors. In the case of Batch-II and
Batch-III samples there is an additional component at the second shell of
oxygen atoms with N = 3, centered at 3.754 Å. The experimental result
for the ZrO2 samples is adjusted and used as reference to obtain the
experimental results of S02 = 0.954, and the energy values, ΔE0 = − 2.24
eV. Experimental data were fitted in the R range between 1.4 and 3.7 Å.

The EXAFS results for Batch-II and Batch-III are again very similar
between them but differing from Batch-I. For the three materials, first
oxygen neighbors are centered around 2.2 Å. However, the signal in-
tensity is much lower for Batch-I, than for Batch-II and Batch-III, and the
Debye-Waller factor is contrarily higher in Batch-I. This lower intensity
but higher Debye-Waller factor might suggest the same number of first
oxygen neighbors in Batch-I compared to Batch-II and Batch-III; and
additionally, the higher Debye-Waller factor would explain a big
dispersion of oxygen atoms in Batch-I.

The second shell is also very different for Batch-I. The second shell
for Batch-I is centered at around 3.3 Å, while Batch-II and Batch-III
present this shell at higher distances (around 3.5 Å), meaning that it
might be formed by two different contributions. The second shell is very

Fig. 15. F Fourier transform magnitude of k2-weighted EXAFS oscillations on the Zr K-edge for the powder samples of the Zr-based material (a) and a comparison
with the experimental references (b). The signals intensity for the ZrFe2 and Zr6Fe23 are divided by 4 and 7 for comparison purposes, respectively. Vertical dash lines
are included on references peaks for an easier comparison. First Zr-O scattering path from ZrO2 has been used for phases correction.

Fig. 16. F Fourier transform magnitude of k2-weighted EXAFS oscillations on
the Zr K-edge for the final Zr-based materials. Vertical dash lines are included
on reference peaks for an easier comparison. First Zr-O scattering path from
ZrO2 has been used for phases correction.
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well defined and more intense in Batch-I, but the number of first zir-
conium neighbors is 31 % and 26 % higher in Batch-II and Batch-III. The
higher Debye-Waller factor implies a higher dispersion of zirconium
atoms in Batch-II and Batch-III together with a lower intensity, although
obtaining a higher number of zirconium neighbors than in Batch-I.

Supplementary Fig. 5 depicts a summary of different phases reported
in the literature as crystallographic structures for Y-rich nanoparticles in
ODS steels [20]. These are theoretically obtained from their respective
CIF files [36]. The signal from oxygen neighbors centered around 2.15 Å
matches the signal experimentally obtained in the mechanically alloyed
powders and the consolidated materials. Additionally, the main signal
from Zr+ Y atoms over 3.5 Å could be associated to the signal from these
atoms in Batch-II and Batch-III. Contrarily, Batch-I do not show a similar

peak supporting the absence or limited number of Y-rich nanoparticles
in this alloy, and regarding the mechanically alloyed powders this signal
lays at lower distances. Y2Zr2O7, YZrO3 and YZr4O9 show similar trends
to Batch-II and Batch-III alloys, where EXAFS cannot prioritize any of
those three as main nanoparticle candidate. The nanometric sizes of
these oxides in these two steels could infer disparities when comparing
the experimental results with the theoretical EXAFS representations.

4. Conclusions

The production and initial characterization of a new ODS RAF steel
based on the alloying of zirconium has been addressed to assess poten-
tial benefits of the newly developed STARS route on the microstructure
of this structural material candidate. The most important results are:

• The nominal composition Fe-14Cr-2W-0.3Zr-0.24Y (wt.%) was
selected to explore the possible benefits of zirconium as substituent
of the typically used titanium, as key elements in the precipitation
and refinement of the nanoparticles dispersion.

• Three different processing routes were used to compare the pro-
duction of ODS steel avoiding mechanical alloying, as the STARS
route, with the traditional process of blending prealloyed and
nanosized powders through mechanical alloying. Under the experi-
mental conditions outlined in this study, dispersion of nanoparticles
was only observed in the materials undergoing mechanical alloying.

• SANS analysis pointed out the absence of oxide nanoparticles in
Batch-I. Whereas Batch-II and Batch-III do contain nanoprecipitates
with slightly larger sizes and lower number densities than in a

Table 7
Experimental EXAFS on the powder samples of the Zr-based material at the Zr K-edge (MA stands for mechanically alloying). Theoretical values of Zr-based references
obtained from CIF files are included for comparison [36] (MP stands for the Materials Project database reference).

Sample Element N Reff (Å) σ2 (Å2)

Original experimental Fe + Cr 3.5(8) 2.94(1) 0.002(2) 0.0209
Zr + Y 2.1(9) 3.36(2) 0.003(2)

Oxidized experimental Fe + Cr 3.2(8) 2.94(1) 0.001(2) 0.0726
Zr + Y 1.6(8) 3.36(3) 0.001(2)

Original + MA experimental O1 0.9(4) 2.05(3) 0.007(1) 0.0156
O2 1.5(3) 2.15(1)
O3 1.1(5) 2.25(2)

Total O 3.5(1.2) 2.16(2)
Fe + Cr 2.3(6) 2.79(2) 0.002(1)
Y + Zr 3.4(1) 3.18(1) 0.007(1)

Oxidized + MA experimental O1 1.2(7) 2.06(4) 0.003(1) 0.0182
O2 1.5(3) 2.15(1)
O3 1.3(7) 2.26(2)

Total O 4,0(1.7) 2.16(3)
Fe + Cr 2.4(7) 2.78(1) 0.002(1)
Y + Zr 3.5(6) 3.19(1) 0.008(1)

Zr theoretical (MP: 131) Zr 6 3.191
Zr 6 3.239

ZrO2 theoretical (MP: 10735) O1 2 2.062
O2 3 2.166
O3 2 2.261

Total O 7 2.163
Zr 7 3.458

ZrFe2 theoretical (MP: 1718) Fe 12 2.941
Zr 4 3.072

Zr6Fe23 theoretical (MP: 582926) Fe 12 2.918
Zr 4 3.396

Table 8
Experimental EXAFS results on the Zr K-edge.

Sample Element N Reff (Å) σ2 (Å2) R-factor

Batch-I experimental O 6.1(1.0) 2.17(2) 0.020(3) 0.0120
Zr + Y 6.5(9) 3.29(1) 0.008(1)

Batch-II experimental O1 6.2(3) 2.15(1) 0.012(1) 0.0271
Zr + Y 8.5(2.6) 3.53(1) 0.012(2)
O2 3.5(3.6) 3.52(4) 0.014(16)

Batch-III experimental O1 6.4(3) 2.15(1) 0.012(1) 0.0234
Zr + Y 8.2(1.2) 3.53(1) 0.013(1)
O2 2.9(1.3) 3.55(4) 0.012(9)
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previously characterized ODS steel based in titanium alloying. The
calculated A-ratio for Y-rich nanoparticles agrees with the phase
Y2Zr2O7.

• Mechanical alloying increases the oxidation state of Y and Zr atoms
minimizing their initial differences induced by the previous oxida-
tion process. After HIP and HR, the oxidation states in Batch-II and
Batch-III are very similar and differ from Batch-I.

• EXAFS characterization of the original and oxidized powder mate-
rials studied on the Y K-edge present metallic Y atoms dispersed in a
Fe/Cr matrix. The low amount of first oxygen neighbors observed in
the oxidized powder might restrain the formation of nanometric
oxide precipitates in Batch-I, as reported by SANS. After mechanical
alloying Y atoms exhibit a signal equivalent to a complex phase
similar to Fe5Y3O12.

• Batch-I showed a main contribution of a Y2O3 phase, non-nanometric
based on the SANS results, while the Fe5Y3O12 structure, or a similar
complex structure, related with the oxide nanoparticles remains
predominant in Batch-II and Batch-III

• The signal from zirconium atoms at the original and oxidized pow-
ders is mainly metallic, formed by the combination of lighter metallic
elements as iron and chromium, and heavier ones like yttrium,
tungsten and zirconium itself. The alloyed powders are more similar
to the ZrO2 reference although the contribution from metallic Zr
atoms is still noticeable.

• A considerable amount of zirconium atoms in Batch-I may form
metallic secondary phases, minimizing the proportion of zirconium
for the formation and refinement of oxide nanoparticles. In contrast,
Zr mean oxidation states in Batch-II and Batch-III are very close to
the expected oxidation state of Y-rich nanoparticles pointing to their
presence in these samples.

• XAS further confirmed the absence of Zr-rich oxide nanoprecipitates
in Batch-I, while suggesting the presence of Zr-rich nanometric
precipitates in Batch-II and Batch-III.
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[24] M. Oñoro, V. de Castro, T. Leguey, J. Pöpperlová, R.M. Huizenga, M.A. Auger,
Microstructural stability of secondary phases in an ODS ferritic steel after thermal
aging at 873 K, Mater. Charact. 207 (2024), https://doi.org/10.1016/J.
MATCHAR.2023.113517.
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