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The thermal stability of an ODS RAF steel has been investigated by assessing the effects of different thermal
treatments on its microstructure and mechanical behavior. The ODS steel, with nominal composition
Fe–14Cr–2W–0.4Ti-0.3Y2O3 (wt. %), was manufactured by mechanical alloying, compacted by hot isostatic
pressing and hot cross rolling. Following the rolling process, short thermal treatments at temperatures between
1073 and 1473 K were applied, and an optimal annealing temperature of 1273 K was selected. Afterwards, two
independent thermal treatments were applied. To check the effects of thermal fatigue, a set of samples was
submitted to thermal cycling between 773 and 1073 K. Finally, another batch was thermally aged at 873 K for
2000 h.
A Vickers microhardness analysis shows a hardening effect with the thermal cycling and the aging treatments.
The cycling treatment causes a small improvement of yield and tensile strengths at test temperatures T > 773 K,
without clear ductility changes. The aging treatment slightly enhances tensile properties for tests at T > 873 K,
together with loss of strength and ductility in tests at T < 873 K. Microstructural investigations show no
changes in the grain structure. However, the oxide and Cr-W-rich secondary phases studied in this work present
different behaviors. Ti-rich oxides appear quite stable, without significant variations in their location, composition, morphology, and size distribution. With respect to the existing Cr-W-rich precipitates, the aging treatment
promoted their redistribution and diffusion along grain boundaries, together with compositional changes, which
would account for the slight strengthening and loss of ductility observed.

1. Introduction
Structural materials development for fusion applications represents
a shared effort in the nuclear sector. Those efforts will thrive with the
implementation of fusion power reactors, by means of a carbon emission-free, safe and globally available energy source. Key structural
materials challenges are the mechanical and structural endurance in
harsh environments, including extreme operational temperatures and
radiation damage [1–3]. Oxide dispersion strengthened (ODS) reduced
activated ferritic (RAF) steels (> 12 wt. % Cr), together with ODS reduced activated ferritic/martensitic (RAFM) steels (< 12 wt. % Cr), are
currently being investigated as improved structural material candidates
[4–7].
ODS RAF steels show improved high-temperature strength, adequate creep behavior and irradiation resistance, which are attributed to
the homogeneous distribution of stable oxide nanoparticles [5,8,9]. In
ODS RAF steels, Ti addition enhances and refines the nanoparticle
dispersion while resulting in Y-Ti-O complex oxides thermally stable at
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elevated temperatures [10,11]. The nanoparticles pin the initial primary grains and impede dislocation motion, while acting as sinks for
radiation defects. ODS RAFM steels, such as ODS EUROFER steel, are
foreseen to be used as structural components up to 873 K [12,13]. With
ODS RAF steels implementation, it is expected an improvement on the
operational temperature as they exhibit high tensile strength and good
ductility up to 973 K [6,14].
Heat and neutron loads will be critical issues determining the operational lifetime of structural components. Fusion power plants are
expected to operate for 40 years, and structural components lifetime
should withstand from 4.5 to 10.5 years [15]. Thus, ODS RAF steels
must sustain in time their promising features to maximize the operational lifetimes, and then achieve the commercial level of fusion reactors, starting from ITER to DEMO [1]. Nevertheless, there are still not
enough studies on how the sustained temperatures and thermal variations that the structural components will have to stand inside the reactor will affect these properties.
In this work, the microstructure and mechanical properties of an ODS
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RAF steel have been investigated in order to determine its thermal stability. The steel, with nominal composition Fe–14Cr–2W–0.4Ti–0.3Y2O3
(wt. %), was produced by mechanical alloying in a planetary mill and
compacted by hot isostatic pressing (HIP) and hot cross rolling (HCR).
Later, diverse thermal treatments have been applied and their effects
have been analyzed. First, and following the HCR process, the ODS RAF
steel was annealed during short times at temperatures ranging from 1073
to 1473 K to obtain the optimal annealing temperature, to be used as
reference. Since ODS ferritic steels structural components should operate
at temperatures up to 973 K, the lowest annealing treatment was performed at 100 K above it. To check the effects of thermal fatigue, a
second set of samples was submitted to temperature in the range of expected operational temperatures, i.e. 673 and 1073 K. Finally, a third
batch was thermally aged at 873 K during 2000 h.
The thermal stability of the grain structure and secondary phases
was assessed after the different heat treatments, and correlated with the
mechanical behavior observed in terms of microhardness and tensile
properties.

873 K for 2000 h in Ar protective atmosphere. Samples for mechanical
and microstructural characterization were obtained by electroerosion
afterwards, also in the TS plane.
Standard cutting, grinding and polishing processes were used for
final sample preparation. Vickers microhardness values were obtained
with a Microhardness Tester FM-100e by applying a load of 300 g.
Tensile tests were performed on flat tensile specimens with gauge dimensions 15 × 3 × 1 mm3 in a Shimadzu Autograph AG1 at a constant
crosshead rate of 0.1 mm/min. Tests were done in a temperature range
from 298 to 973 K. During the tensile tests above room temperature, the
specimens were kept under a flow of pure Ar to minimize surface oxidation. Samples for electron microscopy observations were electropolished using a solution of 5% perchloric acid in methanol (95%)
around 233 K. Crystallographic characterization by X-ray Diffraction
(XRD) was performed in an X-Pert Phillips diffractometer using 40 kV,
40 mA, 0.04° step width and 2.5 s counting time. Microstructural observations were done by scanning electron microscopy (SEM) in a FESEM TENEO LoVac microscope in back-scattered electron mode (BSE)
equipped with an X-Ray energy dispersive spectrometer (XEDS).
Precipitates size and number density were calculated with ImageJ
software by BSE SEM images processing [18].

2. Experimental
The ODS ferritic steel under study was obtained by mechanical alloying of prealloyed atomized powder of nominal composition Fe-14Cr2W-0.4Ti (wt. %) (Nanoval GmbH & Co. KG), and Y2O3 nanosized
powder (0.3 wt. %) 99.995% purity (SkySpring Nanomaterials, Inc.).
The milling process of the ODS powder took place under H2 atmosphere in a Retsch PM400 planetary mill using austenitic steel vessels,
AISI 52100 steel balls, and 10:1 ball to powder ratio. The H2 atmosphere was renewed every 9 h interval, with a total milling time of 27 h.
Within each interval, the mill performed four 2 h cycles at 300 rpm
maximum rotational speed, alternated with 15 min pauses. The chemical composition of the milled powder is shown in Table 1.
The milled ODS powder was canned, degassed at 693 K for 24 h, and
consolidated by hot isostatic pressure (HIP) in Ar pressure of 175 MPa
at 1373 K for 2 h. HIP parameters were selected from previous ODS
steels studies [16,17]. Several consolidated batches were obtained with
this method. The batches were subsequently hot cross-rolled (HCR).
During the HCR process, the sample was rotated 90˚ on the rolling plane
after every pass, and reheated for five minutes, thus reducing the mechanical properties anisotropy caused by the elongation of the grains
along the rolling direction [18]. The HCR temperature began at
1423–1473 K (with the batches preheated at that temperature) and
gradually decreased with the consecutive passes to 1223 K. The thickness reduction after 18 to 20 passes was ~70%.
Flat samples for tensile and hardness tests parallel to the
Transversal-Short (TS) transverse plane were prepared by electroerosion. To determine the optimal short thermal treatment after the HCR,
different samples were annealed at temperatures ranging from 1073 to
1473 K in vacuum for 2 h followed by air cooling. The thermal treatment at 1273 K was selected as the optimal one, being these samples
from now on referred as ODS-R. This annealing at 1273 K for 2 h was
carried out in all the remaining batches before any other subsequent
thermal treatment.
A set of samples underwent a thermal cycling treatment in a halogen
lamp furnace inside a quartz tube in vacuum. The treatment consisted
in 100 cycles between ~673 and 1073 K with a duration of ~10 min
each: 100 cycles × (heating at ~400 K/min + 2 min at
1073 K + cooling at ~50 K/min). These samples are named as ODS-C.
An additional batch, denoted as ODS-A, was thermally aged at

3. Results and discussion
3.1. Mechanical properties
The mechanical behavior has been characterized by means of
hardness and tensile tests. Fig. 1 presents the Vickers microhardness
values of the HCR material as function of the treatment temperature, as
well as the results obtained after the thermal cycling and aging treatments. The Vickers microhardness following the HCR process shows a
slight hardening, remaining quite constant with the annealing treatments up to 1373 K, dropping for the highest tested temperature. This is
consistent with the temperatures reached during the HCR process. At
higher temperatures, recovery and recrystallization processes occur,
being the main cause of the softening observed, in agreement with
other annealing studies in Fe-Cr alloys [19].
Additionally, Fig. 1 shows that the hardness increases after the cycling treatment (+4%), being much more evident after the aging
(+11%).
Tensile properties of the HCR ODS steel after the different treatments have been obtained from stress-strain curves analysis. These
curves can be seen in Fig. 2. Fig. 2(a) shows the tensile tests performed
at room temperature (RT = 298 K) and 973 K for the different annealing temperatures following the HCR process. The corresponding
mechanical properties are summarized in Fig. 3. The different annealing treatments after the HCR do not promote significative changes
in the strength values measured at RT, see Fig. 3(a) and (b). The yield
and ultimate strengths at RT tests reach their maximum values after
annealing at 1273 K, although the differences are rather small. The
uniform and total elongations (UE and TE) measured at RT slightly
increase from annealing at 1073 to 1273 K, decreasing after annealing
at 1373 K and increasing again at the highest annealing temperature.
Measurements done at 973 K show that the strength values remain
quite constant up to 1373 K, but an abrupt decay of all tensile properties occurs after annealing at 1473 K. In view of all these results,
1273 K was selected as the optimal annealing temperature, and used as
reference.
Fig. 2(b)–(d) show tensile test curves for ODS-R, ODS-C, and ODS-A

Table 1
Chemical composition (wt. %) of the ODS steel powder after milling [21].
Fe

Cr

W

Ti

Y

O

C

Al

N

Si

S

Bal.

13.1

2.0

0.38

0.18

0.17

0.04

< 0.05

0.020

< 0.05

< 0.03

2
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the deformation mechanism induced by the temperature [20]. ODS-C
does not show differences with respect to ODS-R; the UE and TE remain
similar for the whole test temperature ranged. On the other hand, ODSA shows an irregular behavior. While the UE improves for tests at
T ≥ 773 K, the aging treatment causes a general loss of the total
elongation except for the highest test temperature.
3.2. Microstructure
The thermal stability of the microstructure after the thermal cycling
and aging treatments has also been investigated and correlated with the
mechanical properties. In a previous study of this ODS steel, three types
of precipitates were observed: Y-Ti-O nanoparticles, Cr-W-rich precipitates and Ti-rich oxides [21]. On previous investigations performed
on similar ODS steels shortly annealed after hot rolling or forging, similar Cr-W-rich precipitates were identified as M23C6 (M = Cr, W, Fe)
[16,22], and the Ti-rich oxides as Ti2CrO7 oxides [21,23]. In the present
work, the microstructural characterization has focused on the general
microstructure and the larger secondary phases present in this material,
paying particular attention to possible changes on their chemical
composition, size and morphology. The study of the thermal stability of
the Y-Ti nanoparticle dispersion requires the use of advanced characterization techniques and it will be subject of future work.
The XRD patterns obtained after the different post-HCR thermal
treatments are consistent with a single ferritic phase in all cases. The
calculated lattice parameters are 2.873 ± 0.001 Å for ODS-R,
2.872 ± 0.001 Å for ODS-C, and 2.876 ± 0.002 Å for ODS-A. Lattice
parameters do not vary significantly and are in accordance with bcc Fe
[24]. No other peaks are present, as the contribution from all secondary
phases lays below the detection limit of the instrument.
Fig. 6(a)–(c) show SEM pictures of the ODS-R, ODS-C and ODS-A
samples, respectively. Their general microstructure is very similar regardless of the thermal treatment. The matrix consists of elongated
grains, most of them with submicron sizes, following the rolling direction of the HCR process. This is in accordance with the standard
morphology of HCR-ODS steels [11,25,26].
Two different secondary phases are visible in the SEM images

Fig. 1. Vickers microhardness as a function of the thermal treatment temperature.

samples for the different testing temperatures, and Fig. 4 the corresponding tensile properties. The yield and tensile strength (YS and TS)
for the ODS-R steel decay continuously with temperature, decreasing to
values of 340 ± 20 MPa and 358 ± 14 MPa at 973 K, respectively.
The investigated ODS steel exhibits a high thermal stability under the
thermal treatments applied; the strength values only show slight differences before and after thermal cycling or aging (Fig. 4(a) and (b)). To
stress those small differences, the relative values of the tensile properties for ODS-C and ODS-A with respect to ODS-R are depicted in Fig. 5.
Thermal cycling slightly improves the YS and TS values over test temperatures T ≥ 773 K, being more evident at the highest temperature,
while aged samples present equal or negative ratios at lower temperatures showing a relative increase of strength only at T ≥ 873 K
(Fig. 5(a) and (b)). Regarding ductility, the highest uniform elongation
for all the steels is obtained at RT, their values decreasing with test
temperature. The total elongation remains stable with the test temperature, except at 873 K. The peak values obtained at this temperature
are characteristic of ODS ferritic steels and are attributed to a change in

Fig. 2. Stress–strain curves for tensile test experiments of (a) HCR ODS steel after the different annealing treatments measured at 298 K (solid lines) and 973 K (dash
lines); (b) ODS-R, (c) ODS-C, and (d) ODS-A as a function of the testing temperature.
3
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Fig. 3. Mechanical properties of HCR ODS steel measured at 298 and 973 K as a function of the annealing temperature. (a) Yield strength, (b) ultimate tensile
strength, (c) uniform elongation and (d) total elongation.

Fig. 4. Mechanical properties as a function of the testing temperature for ODS-R, ODS-C and ODS-A. (a) Yield strength, (b) ultimate tensile strength, (c) uniform
elongation and (d) total elongation.

(Fig. 6(d)–(f)). According to their chemical composition, they can be
classified as Cr-W-rich and Ti-rich precipitates (see the compositional
XEDS maps in Fig. 7). Cr-W-rich precipitates have irregular geometry
shapes and show brighter contrast, while Ti-rich precipitates are usually
smaller, round shaped and show darker contrast in the BSE images.
For the three studied samples, the Cr-W-rich precipitates appear
frequently along grain boundaries. These precipitates are scarcer in the
ODS-R steel, and heterogeneously distributed in the ODS-C steel, while
they are in greater number and more homogeneously present in the

ODS-A steel.
A semi-quantitative analysis of the chemical composition of these
precipitates has been performed by XEDS and is presented in Fig. 8. CrW-rich precipitates present a similar W and Cr content for the ODS-R
and ODS-C steels (Fig. 8(a)). However, the Cr content in these precipitates is significantly reduced for the ODS-A steel. This decrease is
accompanied by an increment in W content that could hint to Laves
phase formation, which has been reported in creep and aging studies
between 800 and 950 K, albeit typically for longer times than in our
4
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Fig. 5. (a) Yield strength, (b) ultimate tensile strength, (c) uniform elongation
and (d) total elongation ratios of ODS-C and ODS-A compared with ODS-R, as a
function of the testing temperature.

Fig. 7. XEDS composition analysis maps for ODS-R, ODS-C and ODS-A with Fe,
Cr, W and Ti identification.

Fig. 6. BSE SEM images of (a) ODS-R, (b) ODS-C and (c) ODS-A. (d), (e) and (f)
show zoom-in images from white squared areas in (a), (b) and (c), respectively.
Cr-W-rich precipitates (orange arrows) and Ti-rich precipitates (green arrows)
are highlighted.

Fig. 8. . Matrix and secondary phases elemental composition from XEDS
measurements for (a) Cr-W-rich and (b) Ti-rich precipitates.

treatment, while Fig. 10(c) suggests that the aging treatment results in
redistribution of the precipitates, decreasing the amount of precipitates
with the largest and smallest equivalent radius. Moreover, the fraction
area occupied by these precipitates increases from ~1.3% on the ODS-R
sample to ~1.7% on the ODS-C and to ~3.0% on the ODS-A. This behavior is consistent with the diffusion process mentioned previously.
This diffusion mechanism is maximized on the ODS-A due to the longtime character of the thermal aging treatment.
Ti-rich precipitates are visible in the three ODS steels. They are
preferentially located at grain boundaries and, occasionally, inside
grains. On the ODS-R and ODS-C steels, these precipitates appear in
greater number than in the ODS-A steel, being the surface number
densities 4.2 × 1011, 2.9 × 1011 and 1.4 × 1011 m−2, respectively.
The chemical composition of these precipitates remains stable for all
the analyzed elements without significant changes after the cycling and
aging treatments (Fig. 8(b)). Only a slight Ti content increase can be

study [27,28]. Although XEDS analyses show that the C content does
not vary, further studies would be necessary to discard transformation
onto, for instance, M6C carbides, or precipitation of Laves phase.
The aspect ratio of the precipitates (defined as the ratio between
minimum and maximum diameter lengths) is shown in Fig. 9. In the
ODS-R steel, the Cr-W-rich precipitates have a rounder shape, being the
highest frequency of the ratio around 0.8 (Fig. 9(a)). The aspect ratio
distribution broadens in ODS-C and ODS-A; the highest frequency drops
to 0.4–0.5 emphasizing an elongated configuration (Fig. 9(b) and (c)).
Fig. 10 shows the distribution of equivalent radii for the Cr-W-rich
precipitates. The values range between 20 and 600 nm. The radius
median value for the ODS-R sample is 99 nm, 183 nm for the ODS-C,
and 116 nm for the ODS-A. It has to be noted that the equivalent radius
assumes the particles being spherical, which is not the case. Fig. 10(b)
shows an apparent coarsening of the precipitates after the cycling
5
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Fig. 9. Minimum and maximum diameter ratios for Cr-W-rich and Ti-rich precipitates in (a) ODS-R, (b) ODS-C and (c) ODS-A.

Fig. 10. Equivalent radius distribution for Cr-W-rich precipitates in (a) ODS-R, (b) ODS-C and (c) ODS-A.

Fig. 11. Equivalent radius distribution for Ti-rich precipitates in (a) ODS-R, (b) ODS-C and (c) ODS-A.

intuited.
The morphological characterization of Ti-rich precipitates is shown
in Fig. 9. As it can be seen, the round shape nature of Ti-rich precipitates prevails after the three different post-HCR thermal treatments

with the highest frequency values lying between 0.8 and 0.9 for all
samples. The precipitate size distribution for the three samples is presented in Fig. 11. There appears to be a slight coarsening of the precipitates, more evident after the aging treatment. In any case, there is a
6
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very small variation of the mean equivalent radius: 100 ± 50 nm for
ODS-R, 110 ± 60 nm for ODS- C, and 110 ± 80 nm for ODS-A. The
fraction area diminishes in the ODS-A steel (∼0.7%) with respect to the
ODS-R (∼1.4%) and ODS-C (∼1.3%) steels, in agreement with the
changes observed in the number densities and size distributions.
The main result from microstructural observations shows the evolution of the Cr-W-rich precipitates (due to W diffusion from the matrix
or Cr diffusion away from the precipitates), and their redistribution and
growth along grain boundaries after the thermal cycling and aging
treatments. This effect could explain the hardening evolution and the
loss of ductility reported. While hardness values measured at RT could
signal to some precipitation strengthening occurring at grain boundaries, both the yield and ultimate tensile strengths show very little
variations at T ≤ 873 K regardless of the changes observed in the Cr-Wrich precipitates. This indicates that these precipitates play a minor role
in the strengthening of ODS steels, suggesting that the contribution of
the secondary phases to the total strength is governed by the finer
particle dispersion (Y-Ti nanoparticles), in agreement with previous
works [29]. The loss of ductility observed in the ODS-A steel can be
explained by the redistribution of the Cr-W-rich precipitates at grain
boundaries, that would lead to initiation of cracks at those precipitates
(which occur above a certain particle size), and reduced cohesion along
the grain boundaries, promoting intergranular grain fracture [30]. Future fractographic investigations would help to confirm this point.
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Appendix A. Supplementary data

The microstructure and mechanical properties of an ODS steel with
nominal composition Fe–14Cr–2W–0.4Ti–0.3Y2O3 (wt. %) have been
investigated. The alloy has been mechanically alloyed, consolidated by
HIP, hot cross rolled and subjected to different annealing treatments.
Temperature cycles between 673 and 1073 K in vacuum, and aging at
873 K for 2000 h in Ar, have been performed afterwards in order to
evaluate its thermal stability. The following conclusions can be drawn
from the presented results:
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