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Abstract: Reduced activation ferritic (RAF) steels are expected to be widely used in challenging
nuclear industrial applications under severe thermo-mechanical regimes and intense neutron loads.
Therefore, actual research panorama is facing the strengthening strategies necessary to maximize both
performance and endurance under these conditions. Oxide dispersion strengthened (ODS) RAF steels
are leader candidates as structural materials in fusion energy reactors thanks to the reinforcement
obtained with a fine dispersion of nanosized oxides in their matrix. In this study, the influence
of the initial powder particle size and the selected processing route on the final material has been
investigated. Two RAF ODS steels coming from atomized pre-alloyed powders with nominal particle
powder sizes of 70 and 30 pm and composition Fe-14Cr-2W-0.4Ti-0.3Y, O3 (wt. %) were manufactured
by mechanical alloying. Alloyed powders were compacted by hot isostatic pressing, hot crossed
rolled, and annealed at 1273 K. Initial powder particle size differences minimize after milling. Both
steels present an almost completely recrystallized material and similar grain sizes. The same type and
distributions of secondary phases, Cr-W-rich, Ti-rich, and Y-Ti oxide nanoparticles, have been also
characterized by transmission electron microscopy (TEM) in both alloy samples. The strengthening
effect has been confirmed by tensile and Charpy impact tests. The two alloys present similar strength
values with slightly better ductile brittle transition temperature (DBTT) and ductility for the steel
produced with the smaller powder size.

Keywords: ODS steel; powder size; ferritic steel; mechanical alloying; EBSD; nanoparticle;
oxide; TEM

1. Introduction

Development of strengthening techniques on reduced activation ferritic and fer-
ritic/martensitic (RAF and RAFM) steels for high-temperature applications represent
one of the main objectives in research activities on new materials for nuclear energy applica-
tions [1-3]. Innovative concept designs, such as DEMO and first-generation prototypes, aim
to improve reactor specifications by developing new technologies and materials that could
withstand extreme operation conditions [4]. RAFM and RAF steels, reinforced with a stable
dispersion of oxide nanoparticles, allow to increase the operational upper temperature
limit, at least in 150 K, up to 973 K [5]. Their strengthening mechanisms result from the
presence of a high density of thermally stable nano-oxides homogeneously distributed into
the alloy matrix, fine grain sizes, and high dislocation densities [6,7]. Ti addition in oxide
dispersion strengthened (ODS) RAF steels is essential to dissolve and refine the Y,O3 parti-
cles, as it favors precipitation of smaller complex Y-Ti-O nano-oxides, thus increasing their
number density [8,9]. Nano-oxides hinder dislocation climb and glide and grain boundary
migration, allowing the grain structure to be stable at high temperatures. Besides, the

Metals 2022, 12, 69. https:/ /doi.org/10.3390/met12010069

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met12010069
https://doi.org/10.3390/met12010069
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0003-2819-4137
https://orcid.org/0000-0002-7391-3148
https://doi.org/10.3390/met12010069
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met12010069?type=check_update&version=1

Metals 2022, 12, 69

20f16

nanodispersoids could be stable under irradiation up to 1000 K, trapping He in fine-scale
bubbles, inhibiting void swelling and fast fracture embrittlement at lower temperatures as
well as creep rupture embrittlement at high temperatures [6,10].

The principal production routes for ODS RAFM and RAF steels combine alloying pro-
cesses, consolidation techniques, and thermal/thermomechanical treatments [5]. During
the last decades, different routes have been investigated [11,12] with the goal of optimiz-
ing material properties, maximizing the amount of material obtained, and minimizing
production costs [8,13]. Each step in the process is essential to generate the beneficial
strengthening mechanisms in the materials: from the nano-oxides formation and precipi-
tation to the presence of beneficial secondary phases, together with the refinement of the
matrix grains. Further work is essential to fully accomplish these objectives. The present
work addresses the characterization of two ODS RAF steels, focusing on the impact of the
initial powder specifications and the selected processing route on the mechanical properties
and microstructure of the obtained materials.

The two ODS RAF steels were obtained from atomized pre-alloyed powders with
identical nominal composition Fe-14Cr-2W-0.4Ti (wt. %) but different particle sizes. Both
ODS RAF steels followed the same processing route by being mechanically alloyed with
Y,03 nanosized powder, compacted by hot isostatic pressing (HIP), and subsequently
hot crossed rolled (HCR) and annealed [14,15]. The aim of this work is to assess how the
initial powder characteristics, together with the processing and consolidation parameters,
influence the microstructure and mechanical properties of the obtained materials.

2. Materials and Methods

Two ODS ferritic steels were manufactured following a powder metallurgy route [14]
from atomized pre-alloyed powders with nominal particle sizes of ~70 and ~30 pum, from
now on referred to as ODS-L and ODS-S, respectively. These pre-alloyed powders of nomi-
nal composition Fe-14Cr-2W-0.4Ti (wt. %) (Nanoval GmbH & Co. KG, Berlin, Germany)
and Y,O3 nanosized powder (0.3 wt. %) 99.995% purity (SkySpring Nanomaterials Inc.,
Houston, TX, USA) were mechanically alloyed in a Retsch PM400 planetary mill using
austenitic steel vessels, AISI 52,100 steel balls and 10:1 ball to powder ratio. The milling
was performed under H, atmosphere, which was renewed every 9 h interval; each interval
consisted of 4 cycles of 2 h milling + 15 min pause. The process was completed after a total
time of 27 h at 300 rpm maximum rotational speed. Particle size analysis of pre-alloyed and
mechanically alloyed powders were performed via laser diffraction in a Mastersizer 2000.

The as-milled ODS powders were introduced into 304-L steel cans and degassed at
693 K for 24 h. The canned ODS powders were consolidated by HIP in Ar pressure of
175 MPa at 1373 K for 2 h. HIP parameters were selected based on previous investigations
on ODS steels, where densities close to 100% of the theoretical value were achieved [16,17].
Several consolidated batches were obtained following this method and 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 5 min, thus reducing the mechanical properties’
anisotropy caused by the elongation of grains along the rolling direction [18]. The HCR
temperature began at 1403-1473 K (with the batches preheated at that temperature) and
gradually decreased with the consecutive passes to 1223 K. The thickness reduction after 18
to 23 passes was ~70%. A comprehensive study about the best temperature for an annealing
treatment after HCR revealed that 1273 K optimized the mechanical response of the ODS
material [14]. Thus, the annealing treatments were carried out on samples of both ODS-L
and ODS-S steels at 1273 K for 2 h followed by air cooling. The densities were measured
using a Quantachrome 1200e He ultrapycnometer.

Standard cutting, grinding, and polishing processes were used for sample preparation.
Flat samples for tensile tests with gauge dimensions 15 x 3 x 1 mm?® were prepared by
electroerosion parallel to the three plane orientations: Transversal-Short (TS), Longitudinal-
Short (LS), and Longitudinal-Transversal (LT). Tensile tests were performed in a Shimadzu
Autograph AG1 at a constant crosshead rate of 0.1 mm/min in a temperature range from
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293 to 973 K; during the tensile tests above room temperature, the specimens were kept
under a flow of pure Ar to minimize surface oxidation. V-notch samples for Charpy impact
tests were also obtained by electroerosion parallel to the TS transverse plane, following
DIN 50 115 standard with dimensions 27 x 4 x 3 mm?® and notch depth of 1 mm in V
shape. Tests were carried out in a Zwick/Roell HIT50P using a 25 ] pendulum energy
from 77 to 473 K temperatures. Experimental points were fitted to a sigmoidal curve to
obtain the DBBT; lower and upper shelf energies (LSE and USE) were calculated from the
experimental mean values of the brittle and ductile regimes, respectively.

Samples for electron microscopy observations were electropolished using a solution of
5% perchloric acid in methanol (95%) around 233 K. Microstructural observations were done
by scanning electron microscopy (SEM) on a Phillips XL-30 and a FESEM TENEO LoVac
microscope (FEI Company, Hillsboro, OR, USA) equipped with X-ray energy dispersive
spectrometers (XEDS) in secondary electrons (SE) and back-scattered electron modes (BSE).
X-ray Diffraction (XRD) was performed in an X-Pert Phillips diffractometer using 40 kV,
45 mA.

The electron backscatter diffraction (EBSD) technique was employed for crystallo-
graphic orientation studies using Zeiss Merlin and Zeiss Auriga SEM instruments (Carl
Zeiss AG, Oberkochen, Germany). Kikuchi-generated patterns were recorded with a
high-speed EBSD Hikari XEDS camera (EDEN Instruments Inc., Alixan, France); for data
processing and analysis, the OIM Analysis™ software was used. Parameters were adjusted
to a region of 18 x 18 um? with 0.4-um steps. Following this, EBSD maps were obtained
at 20 kV from 50 x 50 um? areas with 40-nm steps (1 pixel). Minimum grain size was
fixed to 10 px, the confidence index (CI) to 0.1, and 5° as the tolerance angle. Low-angle
grain boundaries (LAGB) were defined between the 5-15° interval and high-angle grain
boundaries (HAGB) as misorientations larger than 15°. Crystallographic texture was stud-
ied on 100 x 300 um? areas scanned for Orientation Distribution Function (ODF) maps
corresponding to the ¢, = 45° Euler space section.

Secondary phases and nanoparticles were identified via transmission electron mi-
croscopy (TEM) using a JEOL 3000F (JEOL Ltd., Tokyo, Japan) equipped with XEDS and
electron energy loss spectroscopy (EELS) systems. The working voltage was stablished at
300 kV. In addition, bright field (BF) combined with XEDS and high-resolution electron
microscopy (HREM) were used.

3. Results and Discussion
3.1. Powder Characterization

Atomized pre-alloyed powders of the two ODS ferritic steels were characterized before
and after mechanical milling. Particle size measurements are depicted in Figure 1a. The
ODS-L pre-alloyed powder shows a Gaussian distribution between 4 and 150 um, centered
at ~29 um with 90% of the volume distribution below 69 um. The ODS-S pre-alloyed
powder is characterized by an incipient bimodal distribution with 90% of the volume
distribution below 43 um. Overall, 95% of the distribution lies between 2 and 80 um,
centered at 10 um, with the remaining 5% being centered at ~159 um. After milling, the
initial differences in size between both samples diminish. Moreover, 85-90% of the particles
of the milled ODS-L and ODS-S powders are smaller than 200 um, with mode values
of ~50 um and ~44 pum, respectively, and ~335 pm and ~330 pum for the larger particles;
median values are 60.5 pm for the ODS-L powder and 57.5 pum for the ODS-S powder. The
original incipient bimodal distribution becomes more accentuated after milling for the
ODS-5 powder, with respect to the ODS-L one.

XRD results for both pre-alloyed steel powders exhibit characteristic peaks of bcc-Fe,
with a calculated lattice parameter of 2.876 + 0.003 A, consistent with a single a-ferritic
phase. The milling process broadened the characteristic peaks while lowering their intensity
(Figure 1b), indicating a notable grain refinement, crystalline imperfections, and plastic
deformation [19]. The lattice parameter remained stable for both samples after milling.
Detailed chemical composition of the milled ODS powders is shown in Table 1.
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SEM images showing the powders morphology before and after milling are displayed
in Figure 2. Figure 2a,b reveals the spherical shape of the atomized pre-alloyed powders,
evidencing the difference in size among them. Small satellites can scarcely be found
attached to larger particles as well as very few particles with irregular morphologies.
After milling, both ODS-L and ODS-S powders are equally deformed, presenting flattened
and/or equiaxial shapes with uneven surfaces (Figure 2c,d). Previous size differences can
no longer be appreciated in these images, as confirmed previously by particle size analysis
(Figure 1a).
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Figure 1. (a) Particle size distributions and (b) XRD patterns showing the evolution of the ODS-L
and ODS-S steel powders with milling. The dashed lines correspond to the pre-alloyed powders, and
the solid lines correspond to the mechanically alloyed powders.
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Figure 2. BSE SEM images of the ODS steel powders before and after milling: (a) ODS-L pre-alloyed
powders, (b) ODS-S pre-alloyed powders, (c¢) ODS-L mechanically alloyed powders, and (d) ODS-S
mechanically alloyed powders.
Table 1. Chemical composition (wt. %) of the ODS steel powders after milling.
Material Fe Cr \ Ti Y (0] C Al N Si S
ODS-L Bal. 13.1 2.0 0.38 0.18 0.17 0.04 <0.05 0.020 <0.05 <0.003
ODS-S Bal. 13.2 2.0 0.39 0.25 0.23 0.04 <0.05 0.050 <0.05 <0.003
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3.2. Grain Microstructure

Once sintered, the microstructure and secondary phases of the steels following HCR
as well as after the subsequent annealing at 1273 K have been investigated. Both con-
solidated steels were fully dense; the density of the ODS-L steel after processing was
7.803 + 0.007 g/cm? (99.78% of theoretical density [11], while the measured density for the
ODS-S steel was 7.816 & 0.005 g/cm? (relative density 99.95%).

SEM images of the rolled steels before and after annealing are shown in Figures 3 and 4.
The grain microstructure can be observed as well as some precipitates. As seen in Figure 4,
no prior particle boundaries can be distinguished for any condition or material. The
black circles in the images correspond to holes from which precipitates have fallen due
to preferential etching during the electropolishing. As it can be seen in Figure 3a,b, the
HCR process caused a homogeneous microstructure on the TS plane for both ODS-L and
ODS-S steels, characterized by regions of elongated grains sized up to 4 pm and 0.2 aspect
ratio, and equiaxed grains. Figure 5 shows grain size distributions measured before and
after annealing. The distributions are very similar for both steels. Before annealing, the
fraction of grains smaller than 0.3 pm for the ODS-S steel, 44% of the total amount of
measured grains, is slightly higher than the fraction observed for the ODS-L steel (36%).
After annealing, this difference disappears, as the fraction of grains smaller than 0.3 pm
reduces to 32% for both ODS steel samples, indicating a slight coarsening of the smallest
grains. In any case, the mean grain size stayed stable at 0.4 &= 0.2 um for both ODS steel
samples. Bimodal grain microstructures are very common in ODS steels obtained with
similar mechanical alloying routes, at least in the as-HIP state. Although HCR reduces
considerably the sizes and amount of larger grains present, more severe thermomechanical
treatments would be necessary to remove them completely.

ODS-L ODS-S5

HCR

Annealed

(e) s

Figure 3. BSE SEM images with low magnification showing the microstructure of the ODS steels on
the TS plane after HCR and after annealing at 1273 K. (a) ODS-L and (b) ODS-S steels after HCR;
(c) ODS-L and (d) ODS-S steels and after annealing at 1273 K; (e) plane orientation scheme.
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Annealed

Figure 4. BSE SEM images with high magnification showing the general microstructure of the ODS
steels on the TS plane after HCR and after annealing at 1273 K. (a) ODS-L and (b) ODS-S steels after
HCR; (c) ODS-L and (d) ODS-S steels and after annealing at 1273 K.
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Figure 5. Grain size distribution measured from SEM images on the TS plane for the ODS-L and
ODS-S steels: (a) after HCR; (b) after annealing at 1273 K.

EBSD results highlight the distinctive features for anisotropic and high dislocation
dense materials, characterizing texture and crystalline orientation. Unique Grain Color
(UGC) maps allow to make a clear identification and quantification of grains among LAGB
and HAGB. As observed from SEM results, the microstructural modifications caused by
the HCR process led to a distribution of elongated micrometric grains and elongated
or equiaxial submicrometric grains for both ODS-L and ODS-S steels (Figure 6). After
annealing, the general microstructure remained highly stable for both samples. In general,
for both samples, UGC maps do not emphasize new significant differences than the ones
previously seen on SEM images (Figure 5), as it is described in Figure 7 and summarized in
Table 2. For a comprehensive analysis, grain characterization is subdivided among grain
diameters smaller or larger than 2 pm.

After HCR, submicrometric grains have a mean size of 0.5 £ 0.4 um for the ODS-L
steel and 0.6 & 0.4 um for the ODS-S steel. Besides, micrometric size grains present a
mean diameter of 4 £ 3 pm and 4 + 2 um, respectively, for the ODS-L and ODS-S steels.
The submicrometric grains also present rounder shapes than the micrometric ones based
on higher aspects ratios in both ODS steel samples. After annealing, the aspect ratios
increased for all grains, while the submicrometric and micrometric mean sizes stayed
stable, presenting same values for both ODS steel samples. With an identical behavior, all
the presented properties comparing the ODS-L and ODS-S steels smoothed the few original
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differences when the annealing treatment is applied on both ferritic steels at 1273 K. This
highly stable behavior is related to the presence of nanoparticles in the interior of grains, as
its thermal stability may make grain growth difficult, regardless of the high temperatures
applied during annealing.

Figure 8 shows the crystallographic orientation maps for both steels before and after
annealing. Inverse Pole Figure (IPF) and Kernel Average Misorientation (KAM) maps were
obtained from EBSD measurements. Stereographic projection vertices seen in Figure 8
correspond to grains whose directions <100>, <110>, and <111> are parallel to the projection
direction of the IPF (lamination direction). As a common result for both ODS-L and ODS-
S steels, the thermomechanical HCR process induced two preferential crystallographic
orientations in the material: <001> and <111>. This effect was previously reported on
similar ODS steels after HCR [20]. The subsequent annealing treatment on the ODS-L
steel minimized the extension of the few grains with preferential orientation other than
the ones associated to the HCR (Figure 8a,e). On the ODS-S steel, annealing at 1273 K
resulted in a partial loss of the preferential directions previously induced through the HCR
process (Figure 8c,g). The analogous KAM figures represent the recrystallization states of
the ferrite, with the blue color associated to totally recrystallized grains and the red color
to non-recrystallized grains. Generally, on both ODS-L and ODS-S steels after HCR, the
partially recrystallized regions are homogeneously distributed all over the material, often
segregated to small grain size areas. Annealing at 1273 K can be particularly associated to
the ODS-S steel with a reduction of the total recrystallized areas (Figure 8d in blue) in favor
of partially recrystallized ones with values equal to 2 (Figure 8h in green).

ODS-S

HCR

Annealed

Figure 6. UGC maps of the ODS steels after HCR and after annealing at 1273 K: (a) ODS-L steel after
HCR, (b) ODS-S steel after HCR, (c) ODS-L steel after annealing, and (d) ODS-S steel after annealing.
The maps were taken along the TS plane.
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Figure 7. (a-d) Grain size distributions and (e-h) aspect ratios measured from UGC maps on
submicrometric (<2 pm) and micrometric (>2 pum) sized grains for the ODS-L and ODS-S steels after
HCR (a,c,e,g) and after annealing at 1273 K (b,d,f,h).

Table 2. Summary of EBSD results for the ODS-L and ODS-S steels: mean size (Ds), aspect ratio
(ARs), and number of grains (N;) for grain sizes < 2 um and for grain sizes > 2 pm (D, ARy, and
Nm, respectively).

Material Stage Ds (um) ARg Ns Dm (um) ARpm Nm
ODS-L after HCR 05+04 0.39 £0.13 1072 4+3 0.22+0.11 95
) after annealing 05+04 0.40 £0.13 3281 4+2 0.26 £ 0.12 223
ODS-S after HCR 0.6+04 0.32 £0.13 871 4+£2 0.20 + 0.09 123

after annealing 0.6£04 0.38 £0.12 2527 4+2 0.26 £0.11 253




Metals 2022, 12, 69

9o0f 16

HCR

Annealed

Mi

0o
1
2
3
4

Figure 8. IPF and KAM maps taken on the TS plane for the ODS steels after HCR and after annealing
at 1273 K. IPF maps: (a) ODS-L after HCR, (c) ODS-S after HCR, (e) ODS-L after annealing, and (g)
ODS-S after annealing. The respective KAM maps are depicted on (b,d,f/h).

ODF maps describe the lamination and recrystallization texture for steels in terms of
the fiber orientations in the Euler space (Figure 9). Principal bcc steel fibers are o and y: o
fibers are oriented from {001} <110> to {111} <110> along <110>//(L, T), and v fibers are
oriented from {111} <110> to {111} <112> along <111>//5 [21,22]. As described in Figure 9,
TS plane on the ODS-L steel after HCR presents the common fibers for bce-laminated
steels with a strong <110>/ /T texture, which corresponds to the « fiber with its maximum
intensity at {001} <110> and secondary components close to {111} <110> and {111} <011>
related to the vy fiber (previously reported on similar steels [20,22]). These results are in
well accordance with the IPF maps, as these last showed the two preferential orientations.
This texture is mainly defined by the micrometric grains since submicron sized grains do
not present any preferential orientation, which is represented with a wide range of colors in
IPF maps. On the ODS-L steel as well, the thermal treatment at 1273 K caused a reduction
of the maximum intensity for both « and v fibers, from 14.041 to 11.599. Identical results
were obtained for the ODS-S steel, with the same preferential orientation for o and vy fibers,
while a deeper reduction of maximum intensities from 16.545 to 6.839 was observed.

3.3. Secondary Phases

The secondary phases of the ODS-L and ODS-S steels annealed at 1273 K after HCR
were characterized by TEM, focusing on chemical composition, size, and morphological
differences. XEDS semi-quantitative analysis performed in both steels allowed identifying,
according to their chemical composition, the three types of secondary phases already
reported for the ODS-L steel after different thermal treatments [14]: Cr-W-rich precipitates
(Figure 10), Ti-rich precipitates (Figure 11), and Y-Ti-O-rich nanoparticles (Figure 12).

Cr-W-rich precipitates on ODS-L after annealing presented irregular morphologies
with sizes between ~0.1 and 2 um (Figure 10a). A BF-TEM image and the corresponding
XEDS identification are presented in Figure 10b,e. Regarding the ODS-S steel, the Cr-W-
rich precipitates maintained the same morphology and dimensions (Figure 10c,d). On
comparison, ODS steels annealed after hot rolling or forging the crystalline structure of
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precipitates with similar chemical composition allowed to identify these precipitates as
My3Ce-type carbides (M = Cr, W, Fe) [23,24].

In both ODS-L and ODS-S after annealing, Ti-rich secondary phases are characterized
by a round morphology (Figure 11), with sizes oscillating between ~20 and 300 nm. They
are preferentially distributed surrounding grain boundaries but can also be found in
grain interiors with sizes smaller than 50 nm. The mean sizes of these precipitates are
120 £ 70 nm and 90 £ 50 nm, respectively for the ODS-L and ODS-S steels. Their crystalline
structure was determined from HREM micrographs, with this secondary phase identified
as the TipCrOy oxide (Figure 13a). On similar ODS steels, Ti-rich oxides were also identified
as Ti,CrOy [11].

ODS-L
(a) S >
B
- (e)
o _\_ — ) 0 — P, 90°
g r [— ———=== ©onI1I0]  (0onI010]  (@oDIT10]
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Figure 9. ODF maps obtained on the TS plane after HCR and after annealing at 1273 K. (a) ODS-L and
(b) ODS-S steels after HCR; (c) ODS-L and (d) ODS-S steels after annealing; (e) Euler space section
(2 =45° and main fibers of laminate bcc materials.
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Figure 10. Micrographs and XEDS spectra showing Cr-W-rich precipitates on ODS-L and ODS-S
steels after HCR and annealing at 1273 K: (a,c) BSE SEM micrographs, (b,d) BF-TEM micrographs,
and (e f) TEM-XEDS analyses.
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Figure 11. BF-TEM micrographs and corresponding XEDS spectra showing Ti-rich precipitates
(marked with arrows) on ODS-L (a,c) and ODS-S (b,d) steels annealed at 1273 K after HCR.
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Figure 12. Y-Ti-O nanoparticles on ODS-L and ODS-S steel samples annealed at 1273 K after HCR:
(a,c) BF-TEM micrographs, (b) particle size histogram, and (d,e) TEM-XEDS analysis.
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Figure 13. HREM micrographs of the ODS-L steel annealed at 1273 K after HCR: (a) Ti-rich precipitate
indexed as Ti;CrO; on the zone axis <010>; (b) Y-Ti-O nanoparticle 4 nm in size indexed as Y,TiOs
on the zone axis [021].

Y-Ti-O nanoparticles were analyzed on both samples after the annealing treatment,
revealing comparable results. TEM images on BF mode (Figure 12a,b) show a high amount
of nanoparticles with sizes < 30 nm. Their mean size in both steels was 3 £ 4 nm, with
95% of them smaller than 5 nm. Generally, the Y-Ti-O nanodispersoids exhibited round
or rectangular morphologies, and they appear homogenously distributed in the interior
of grains. Particle number density measurements ranged between (0.9-5.4) x 10> m~3
and (0.71-7) x 10> m~3, respectively, for the ODS-L and ODS-S steels [25,26]. Several
nanoparticles were indexed from HREM micrographs (Figure 13b), and most of them could
be identified as Y, TiOs (none of them were identified as Y,03).

3.4. Mechanical Properties

Samples cut along the TS plane of the two ODS ferritic steels, annealed at 1273 K after
HCR, were prepared for mechanical characterization. Tensile and Charpy impact tests were
conducted at different temperature conditions.

Selected stress-strain curves, measured from tensile tests performed between room
temperature (RT = 298 K) and 973 K, are summarized in Figure 14. Mechanical properties
obtained from this analysis are depicted in Figure 15. Yield and ultimate tensile strengths
(YS and UTS) have a similar behavior for both samples over the investigated test tempera-
ture range, decreasing continuously with temperature to 340 & 20 and 360 + 20 MPa for
the ODS-L steel and 345 + 6 and 358 4+ 9 MPa for the ODS-S steel at 973 K.

1200 1200
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z 3
s $00 b= 500
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= h — 7
& 873K ) Bk
b th
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Figure 14. Representative stress-strain curves obtained from tensile test experiments performed on
ODS steel samples annealed at 1273 K after HCR along the TS plane: (a) ODS-L; (b) ODS-S. Test
temperatures ranged between RT and 973 K.
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Figure 15. Mechanical properties as a function of the testing temperature for the ODS-L and ODS-S
steels annealed at 1273 K after HCR on the TS plane: (a) Yield strength, (b) ultimate tensile strength,
(c) uniform elongation, and (d) total elongation.

The ODS-S steel exhibits equal or superior ductility properties than the ODS-L one,
and it is more evident from 773 K and higher temperatures. The highest uniform elongation
(UE) is obtained at RT for both samples (Figure 15c), their values decreasing with test
temperature and total elongation (TE) values exhibiting general higher stability, except
at 873 K (Figure 15d). The peak values obtained at this temperature are characteristic
of ODS ferritic steels, and they have been related with a maximum in the strain rate
sensitivity, coinciding with a change of the deformation mechanism, as its character turns
from intragranular to intergranular for higher temperatures [25]. This phenomenon is
observed in both ODS steels samples.

Both ODS steel samples followed the same processing route that resulted in similar
microstructures, comparable grain sizes, and morphologies as well as with respect to
secondary phases. Thus, the influence of the respective microstructure of the ODS-S and
ODS-L steels on their mechanical response would be the same. The only difference that
accounts for the higher mechanical response up to 773 K and the superior ductility over
this temperature for the ODS-S steel could be associated to the slight increment of particle
number density present on this sample and its higher content on gaseous impurities. On
the other hand, the loss of mechanical resistance could be related with the drop of grain
boundary strengthening, as the strengthening mechanism associated to the nanoparticle
dispersion decreased in importance.

Impact toughness properties were obtained from Charpy impact tests carried out
between 77 and 473 K; the experimental values obtained were fitted to sigmoidal curves
(Figure 16), and the results are summarized in Table 3.
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Figure 16. Charpy impact test curves on V-notch samples for the ODS-L and ODS-S steels annealed
at 1273 K after HCR along the TS plane. The dashed lines represent the sigmoidal fits in each case.

Table 3. Charpy impact test properties for annealed ODS-L and ODS-S at 1273 K after HCR on the TS
plane.

Material DBTT (K) USE (J) LSE (J)
ODS-L 250 + 12 34+03 0.19 4+ 0.08
ODS-S 230 + 20 3.0+0.6 0.29 +0.12

The LSE value for the ODS-S steel is 52% higher than the one for the ODS-L steel. In
addition, from the absorbed energy curves, the LSE is ~10% of USE for the ODS-S steel
and ~6% of USE for the ODS-L one, indicating a higher toughness of the ODS-S steel at
~100 K. The DBTT values obtained for both alloys are in the best value range reported for
ODS steels [11,20,26]: 250 4+ 12 K for the ODS-L steel and 230 + 20 K for the ODS-S one
(7% lower than ODS-L). This result suggests that starting with finer powder particles may
have a positive effect on the DBTT of these ODS steels. However, although the transition
regime at the DBTT is sharper for the ODS-S steel, its USE is slightly lower, and it presents
a larger dispersion than the result obtained for the ODS-L steel. In any case, the maximum
USE values measured are similar in both samples.

The ODS-S steel exhibits slightly better DBTT and LSE than the ODS-L one but a small
decrease in the USE value. This behavior could be ascribed to the counterbalancing effect
of the improved contact between powder particles when the particle size is decreased
and the increase of impurities (mostly O and N) present in the surface of the particles.
Although the prior particle boundaries are not visible anymore after the consolidation
and hot cross rolling, they could still be playing a role in the impact properties observed.
Further investigations, in particular fractographic studies, could help to clarify this point.

4. Conclusions

Two ODS ferritic steels with initial powder particle sizes < 70 and <30 pm were
investigated. With the same nominal composition, Fe-14Cr-2W-0.4Ti-0.3Y,0O3 (wt. %), the
two ODS steels were manufactured by mechanical alloying, compacting by hot isostatic
pressing, hot cross rolling, and annealing at 1273 K. The dispersion of nano-oxide particles
and the dependence of the mechanical performance on initial particle size were addressed.
The main conclusions of this study are the following:

e Initial powder particle size differences between the ODS-L and ODS-S powders dimin-

ish after mechanical alloying. Particle size analysis for both alloyed powders present a

bimodal distribution, and XRD patterns confirm a severe plastic deformation.
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e After HCR, the two steels present a homogeneous microstructure characterized by
regions of elongated grains and equiaxed grains. EBSD maps show an almost com-
pletely recrystallized matrix with the presence of strong « and vy fibers. The annealing
treatment at 1273 K does not introduce significant differences between the samples.
Both steels show a fine and homogeneous dispersion of Y-Ti-rich nano-oxides, with
average size ~ 3 nm. Cr-W-rich and Ti-rich precipitates are also observed presenting
stable features in both steels.

e  The steel produced from smaller powder particles exhibits similar strength, slightly
better tensile ductility and DBTT, and a small decrease in the USE values as compared
with the steel produced from larger powder particles although the differences observed
are very small in concordance with their similar microstructure. This restricted im-
provement would not justify the higher cost of production of smaller powder particles,
at least under the processing route explored.
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