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Abstract

This study concerns the development of an innovative manufacturing process for oxide-
dispersion strengthened steels (hereafter referred to as “ODS”) by mechanosynthesis. As part
of materials development for Sodium-cooled Fast Reactors (SFR), the aim is to prevent the
growth of undesirable micrometric precipitates which can drastically degrade steel’s
mechanical properties. This new process introduces Y,Ti,O; pyrochlore oxide nanoparticles
directly into Fe-Cr metallic powder through mechanical milling, as compared to the standard
Y,03; + TiO,. This study enables the validation of the method of introducing precipitates in
the form of Y,Ti,O; oxides as an efficient way to obtain competitive ODS steels, with a more
homogeneous microstructure, less coarse precipitates and more reliable impact properties
compared to the conventional process. Moreover, it reveals the importance of the features of
the manufacturing process, particularly of milling intensity and reinforcement rate, on the
microstructure and mechanical properties of ODS steel. The results reveal promising
perspectives concerning the features of ODS steel manufacturing.
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1. Introduction

In order to address the rising global demand in energy, the diminution of fossil resources
and to tackle the rise of greenhouse gases production, nuclear power represents a promising
solution. The long-term development of future fission (Gen V) and fusion power plants is of
major interest. Indeed, Gen IV power plants are characterized by an optimization and major
improvements in terms of safety, cost-effectiveness, use of natural uranium resources and
radioactive waste management, compared to the current power plants. The industrial
development of thermonuclear fusion technology, in the longer term, will provide a strong
solution in all these areas.

These new technologies have common needs of core material properties: high temperature
mechanical strength, swelling resistance under irradiation and tenacity before and after
irradiation. Currently, the performances of steels available on an industrial scale are not
optimal.

Oxide Dispersion Strengthened (ODS) steels are the main candidates able to meet the
specifications of the materials of fuel cladding for future Sodium-Cooled Fast Reactor (SFR).



They consist of a ferritic-martensitic matrix whose BCC structure induces very little swelling
under irradiation [1]. In addition, this matrix is reinforced by a homogeneous distribution of
nano-sized precipitates of Y-Ti-O oxides. These precipitates have the role, on the one hand, of
slowing the movement of dislocations in order to increase mechanical strength at high
temperature [2]-[4], and on the other hand, of trapping irradiation defects [5], [6]. These
materials therefore combine the advantage of good dimensional stability under irradiation and
good creep resistance at high temperature.

ODS steels are produced by a complex process of powder metallurgy. Nanometric
powders Y,03 and TiO; (or TiH,) are milled together with a metallic powder by mechanical
alloying (MA). Under the action of repeated shocks, the reinforcing elements are finely
dispersed in the metallic matrix. The subsequent powder densification treatment then leads to
the germination of nanoprecipitates, mainly of composition Y,Ti,O [7]. However, in addition
to the nanometric precipitation, these materials contain a population of micrometric
precipitates of various compositions, in particular chromium carbides and titanium oxides.
The presence of large chromium carbides of type M,3Cs (M=Fe,Cr,W) located mostly along
grain boundaries [8]-[13], is the result of a carbon contamination during the milling process
[12]-[15]. Large titanium oxides (> 50 nm) of composition TiO, have also been referenced
many times in the literature [10], [14], [16]-[19]. These particles form ‘chaplets’ along prior
particle boundaries, which correspond to the surface of milled powder particles before
compaction [20]. An overstated Ti content in the matrix promotes the formation of these
micrometric phases [21], [22]. These large precipitates of various chemical compositions are
undesirable and lead to a drastic decrease in mechanical properties [23]-[25].

For this reason, a new method of ODS steel manufacturing is proposed to avoid the
presence of undesirable micrometric precipitates. This innovative process is based on the
direct introduction of stable phase Y,Ti,O; as reinforcement element in the metallic matrix,
instead of the powders Y,03 and TiH, usually used. The aim is to avoid the germination step
of the precipitates with different size and chemical composition. A similar process was
implemented by Liu et al. in the development of aluminum-reinforced ODS steels to prevent
the appearance of Al-Ti-O oxides [26]. The purpose of this work is therefore to investigate the
feasibility of producing ODS steels by this new method. The role of milling intensity and
oxide addition is also examined.

2. Materials and Methods/Experimental

a. Material preparation

For synthesizing the ODS steel, a ferritic pre-alloyed Fe-14Cr-1W wt.% powder
(Nanoval) is milled together with a pyrochlore Y,Ti,O; nanostructured powder. Before the
milling, the metallic FeCrW powder is degassed at 400°C for 24 h under secondary vacuum
(10°® bar) in a rotational oven. The pyrochlore powder is synthesized by mechanical milling
method developed in earlier works [27].

Both ferritic Fe-14Cr-1W and pyrochlore powders are then loaded in the vial, with
proportions chosen to lead to a final alloy with 0.5 wt.% of Y,Ti,O;. The loading is carried in
an argon-flushed glove-box and the vial is sealed to avoid oxygen contamination. The milling
experiments is conducted in a ZOZ CM-01 mill for a duration of 20 hours, with 200 g of
powder and 2 kg of 100C6 grade steel balls, under a dynamic helium flux. After the milling,
the powder is collected in a container without any contact to ambient air to prevent
contamination (the procedure makes sure the powder is not in contact with air at any point of



the process, starting from the first thermal treatment). The milled powder is introduced in a
can before degassing for 24 h at 130°C under secondary vacuum. In a previous study carried
out on the Y,Ti,O; oxide [27], we observed that the as-milled powder presents a mostly
amorphous structure. After heat treatment of the milled powder and according to our DTA an
synchrotron analyses, crystallization into a fluorite-like structure occurs first at around 800 °C
followed by the transformation into of the stable pyrochlore structure at around 900 °C. It is
therefore necessary to choose a high temperature for the consolidation (at least > to 900°C).
The consolidation was then performed by hot extrusion of the can at 1100°C to ensure the
presence of the stable pyrochlore structure in the consolidated materials..

For comparison purposes, different milling intensities are used, arbitrarily
denominated 11, 12 13 and 14 with rising rotational speed, and hence rising intensity (I3 is used
for the reference material). Two additional grades are also prepared with different Y,Ti,O
contents (0.0 and 0.25 wt.%). Finally, to evaluate the benefit of introducing the ODS particles
via Y, Ti,07 powder, a “conventional ODS” is prepared. The same process as for the reference
material is used, except for the added oxide powder: instead of Y,Ti,O7, a stoichiometric mix
of Y,03; and TiO, nanometric powders (Y,03:2TiO,) is used. The different processing
conditions are summarized in Table 1.

Sample 0.5P-11 0.5P-12 0.5P-13 05P-14 | 0-13 | 0.25P-13 0.5CV-I13
denomination
Milling 11 12 13 14 13 13 13
intensity
Quantity of 0.00
oxide 0.50 wt. % 0.50wt. % | 0.50 wt. % 0.50 wt. % wit. 0.25 wt. % 0.50 wt. %
%
Type of oxide Y,Ti,07: Y,Ti,0y : Y,Ti,07: Y,Ti,07: Y,Ti,07 : Y,05;+ TiO, :
addition Pyrochlore | Pyrochlore | Pyrochlore | Pyrochlore - Pyrochlore | Conventional
P () P P () (CV)

Table 1 : Summary of the processing parameters

b. Characterizations

Scanning Electron Microscopy (SEM) observations were carried out on a HIROX SH-
3500MB microscope working at 20 kV. For each sample, the mean diameter and surface
fraction of the larger inclusions were estimated by image analysis from the SEM micrographs.
The measurements take into account objects from 0.1 to 1 um. The Transmission Electron
Microscopy (TEM) observations were performed using a JEOL 2100 operating at 200 kV
equipped with a Gatan Imaging Filter (GIF) for Energy Filtered TEM (EFTEM). The
precipitates distribution data are measured on bright field images with software Digital
micrograph. A JEOL 2010 working at 20 kV was used for the High Resolution (HR) TEM.
The thin foils were punched out in bulk specimen and mechanically thinned and
electropolished.

SAXS measurements were performed at the ESRF (European Synchrotron Radiation
Facility) at the BM02-D2AM beamline on foils of thickness smaller than 70 um. The X-ray
(16.829 keV) scattering pattern was detected using a 2D PILATUS detector with a detector-
to-sample distance of around 0.8 m. 2D scattering patterns were then azimuthally integrated,
corrected from background noise and normalized by incident beam flux, specimen thickness
and solid angle. Intensity where then reduced into absolute unit using glassy-C as a secondary
standard. Mean radius and number density of precipitates were extracted using least square



fitting of a lognormal distribution of sphere model to the experimental data, with the
assumption of Y, Ti,O7 pyrochlore precipitates.

Vickers microhardness indentation tests were performed with a Leica VMHT 30A
using 100 g load, 15 s dwell time, at room temperature. Tensile tests were carried out in air at
room temperature, 400°C and 650°C on cylindrical specimens (TMAS23 494 02A) machined
along the extrusion direction. Impact tests were performed by using mini-Charpy impact
specimen (3mmx4mmx27 mm, V-notch 60° angle/Imm depth) machined along the extrusion
direction. A tanh fit of the curve was applied to the data to determine the Ductile-to-Brittle
Transition Temperature (DBTT) [28].

Oxygen-content was measured in milled powders via reductive fusion and infrared
absorption with a chemical analyzer HORIBA EMGA-800. Three measurements were
performed for each powder, with 300 mg samples.

3. Results and discussion

a. Influence of the introduction of Y,Ti,O7 as reinforcement powder

20 pm ——  Extrusion drection @ X 3 L3 K :s*-

Figure 1: SEM micrographs (BSE) of samples (a) 0.5P-13 and (b) 0.5CV-13

In order to determine the benefit of the innovative reinforcement method introduced
by this study, microstructures and mechanical performances of samples produced with
Y,Ti,O; addition (0.5P-13) and Y,03+TiO, addition (0.5CV-13) are compared. Figure 1
shows SEM micrographs of the materials, revealing inclusions of about a few hundreds of
nanometers. These inclusions represent a fraction surface of 0.67% for the conventional
material (0.5CV-13) against 0.33% for the material reinforced with pyrochlores oxides (0.5P-
13). Moreover, concerning precipitates, no segregation is observed at grain boundaries.
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Figure 2: () Brlght field TEM |mages of the mlcrostructure of the 0.5P-13 sample W|th dlfferent magnlflcatlons '
grain boundaries are highlighted with dotted lines, (b) detailed view of the nano-oxide dispersion.

The microstructure of the materials is investigated by TEM observations (Figure 2).
The bright field images reveal the existence of a nanosized distribution of precipitates in the
matrix. At this scale, their distribution appears to be homogeneous within the grains. In
particular, there is no observable segregation at grain boundaries (Figure 2.a). Observations
performed with higher magnification micrograph (Figure 2.b) confirm the presence of
inclusions with a size down to 2 nm. This attests to the feasibility to obtain steel with a
homogeneous distribution of nanoparticles via the introduction of Y,Ti,O- as reinforcement.

Figure 3 : (a) diffraction pattern of the ODS mlcrostructure and (b) assomated dark- fleld on the (400) spot of
the pyrochlore structure, enlightening the distribution of nanoparticles in the matrix

Figure 3.a shows a diffraction pattern of sample 0.5-14. Its circular character is due to
the small grain size of the ferritic matrix, involving a high number of grains diffracting in
random orientations. In addition to the ferritic reflexions, referenced in red, a halo is
observable on the diffraction pattern. In the same diameter range, spots corresponding to
(400) and (222) reflexions of the Y,Ti,O; pyrochlore structure are identified. In Figure 3.b,
the corresponding dark field image to a (400) spot brightens up a distribution of nanoparticles,
which is another proof of their homogeneous repartition within the matrix. These observations



show that the structure of the nanoparticles is consistent with the Y,Ti,O; pyrochlore
structure.

. Axiszone 121
Y,Ti,0,

hkl Measured Dyq Theoretical Dyq of Y,Ti,0;
202 3,54 A 357 A

(d) 331 3,07 A 3,04 A
111 5,67 A 5,83 A

Figure 4 : Precipitate from sample 0,25P-13 ,(a) HRTEM image (b) zoom on the framed area (c) affiliated FFT,
and (d) table summarizing the main measured interplanar distances and matching theoretical interplanar
distances of the pyrochlore structure

High-Resolution Transmission Electron Microscopy (HRTEM) characterization are
performed on the materials. An example of an analyzed particle of 21 nm diameter is
presented in Figure 4.a. as well as an HR image of the framed area (Figure 4.b). The affiliated
FFT (Figure 4.c) matches a F.C.C. structure in a [121] axis zone. The measured interplanar
distances match the pyrochlore structure with a measured lattice parameter of 10.02 A (Figure
4.d). Several particles, from 5 to 50 nm, were analyzed by HRTEM and found to match the
pyrochlore structure. These results confirm the presence of the expected structure pyrochlore
Y, Ti,O7 as nanosized particles in the extruded material.
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Figure 5 : Size distribution of precipitates measured by TEM image analysis

| TEM | SAXS
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Mean diameter (nm) \ 17.30£1.02 19.28 £ 1.54 2.4 2.6
Density (m™) | 6.73x10% 5.29 x10% 2.30 x 10% 1.20 x 107

Table 2: Mean diameter and density of particles measured in both materials by TEM and SAXS

Nanoprecipitates size distributions and densities are measured from the numerous
bright field TEM images of the samples. The results are reported in Table 2Table 2: Mean
diameter and density of particles measured in both materials by TEM and SAXS and the
distribution histograms are shown in Figure 5. Only precipitates from 5 to 130 nm are taken
into account, since smaller objects could not be resolved with the used magnification. The
mean diameter of the measured particles is 17.3 nm for the pyrochlore-reinforced sample
which is slightly lower than the mean diameter of the measured particles for the
conventionally reinforced sample (19.3 mm). Figure 5 shows that the size distribution of the
conventionally reinforced 0.5CV-13 sample is broader towards larger diameters. Additionally,
the density of particles is higher in the pyrochlore-reinforced sample (6.73 x 10°°m™) than in
the conventionally reinforced sample (5.29 x10%° m®) (Table 2). These results show that the
introduction of reinforcement via Y,Ti,O; implies both a slight reduction of precipitates size,
as well as a slight raise in their number density compared to their conventional introduction in
the form Y,03 + TiOs.

Small Angle X-ray Scattering (SAXS) experiments are also used to obtain features of
the smaller nano-precipitates population. This analytical method enables to characterize
quantitatively in a larger volume the nanoparticles size distribution. The SAXS measurement
campaign was performed at ESRF (Grenoble, France). Table 2 provides the mean diameter
and number density of particles calculated from SAXS measurements, setting the lognormal
dispersion at 0.2, with the assumption of Y,Ti,O; pyrochlore precipitates. The calculated
mean diameters of precipitates from SAXS measurements are 2.4 nm for sample 0.5P-13 and
2.6 nm for 0.5CV-13 sample. These results are in the typical order of magnitude for ODS steel
[291—[31]. The precipitates number density of both samples are in the range of
10 precipitates/m>. This value is a slighlty smaller than the typical values for ODS steel
found in the literature [29], [32], [33] .. 0.5P-I3 and 0.5CV-I3 samples both display a close
density of nanoprecipitates.

Table 2 shows that the two measuring methods give different results. The precipitate
density for both materials is three orders of magnitude higher with SAXS than with TEM.
Indeed, the range of particle size reachable is different for the two methods. The used
magnification for TEM imaging allows to measure objects from 5 nm, whereas calculations
from SAXS measurements take into account the smaller nanoprecipitates. Both methods
enable to conclude that the two materials present a high density of nanosized precipitates. In
particular, the SAXS results, with a mean size of 2-3 nm and a nanoparticle density three
orders of magnitude higher than with TEM analysis, show that a large number of very fine
objects (smaller than 5 nm) are present in the material. Also, both methods show that the
precipitation populations in both materials have features in the same order of magnitude.

It is worth noting that, according to our observations carried out by TEM and SAXS in the
materials, no porosity could be detected. The consolidated materials are then fully dense.
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Figure 6 : Experimental data (points) and fitted-curves (lines) of impact tests performed on mini-Charpy
specimen

Impact tests have been performed on mini-Charpy specimens machined from both
materials. Figure 6 presents the experimental data (points) and the extrapolated energy curves.
First, for both materials, the Upper Shelf Energy (USE) is higher than 6 J, and the DBTT is
lower than -40°C. These results show that the features of produced material are comparable to
the best results found in literature [8], [34]. Then, the comparison of both materials reveals
that the USE of 0.5CV-I3 sample is higher than for 0.5P-13 sample (7,4 J against 6,0 J) and its
DBTT is higher (-42,1°C against -52,0 °C). Moreover, it is noticeable that 0.5P-13 impact test
results is characterized by a smaller dispersion than 0.5CV-13. This might be attributed to the
better homogeneity of the material reinforced in Y,Ti,O; compared to the conventional
material.

b. Influence of the milling intensity

In order to optimize the milling process, several milling intensities, arbitrarily
denominated 11, 12, 13, 14 in the order of increasing intensity, are tested. Figure 7 shows a
TEM bright field image of sample 0.5P-12, where agglomerates of particles can be identified
(circled in red). Such agglomerates are observed in both samples of lower intensity (0.5P-11
and 0.5P-12), whereas no such observations could be made on the samples with higher milling
intensity (0.5P-13 and 0.5P-14). Thus, the presence of agglomerates could be attributed to a
less efficient milling that would not distribute the introduced Y,Ti,O; particles in a
homogeneous way.
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Figure 7: TEM bright field of sample O.-I2 showing a cluster of particles due to an insufficient milling

The consolidated materials are characterized by low magnification bright field TEM to
evaluate the grain size (Figure 8). The software ImageJ is used to determine from the
presented images the mean size and anisotropy factor of the grains (Table 3). For all samples,
the mean anisotropy factor is of 1.5, and no preferential orientation is found in this plan
(transversal cut). These results are consistent with commonly reported observations in
literature [21].

The rods elaborated with different milling intensities display mean grain sizes of
1,23+ 0,13 pm (0.5P-11), 0,79 £ 0,07 um (0.5P-12), 0,67 £ 0,07 (0.5P-13) and 0,33 £ 0,04 um
(0.5P-14). They are ordered in the following order of size: Sosp-14 << Sosp-13 < So.5p-12 << Sp5p-
i1. Therefore, in the present experimental conditions, the samples comparison indicates that
the microstructure of extruded rods tends to refine with increasing milling intensity. In
particular, the relatively small grain size difference between samples 0.5P-12 and 0.5P-13 is
correlated with a smaller intensity gap between 12 and I3 compared to the rest (qualitatively
evaluated as a function of mean milling rotational speed). This influence of milling intensity
on grain size in consolidated ODS steel is referenced in literature [35].
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Figure 8: Bright field TEM images at low magnification showing grain size of consolidated materials (a) 0.5P-
11, (b) 0.5P-12, (c) 0.25P-I3, (d) 0.5P-13, (e) 0.5P-14 and (f) 0-13

0.5P-11 05P-12 05P-I3 05P-14 0.25P-13  0-13 0.5CV-I3

Grain si 1.23 0.79 0.67 0.33 1.15 4.01 0.76
rain size (um) +0.13 +0.07 +0.07 +0.04 +0.17 +0.74 +0.08
Anisotropy factor 15 1.6 1.6 1.4 15 1.5 1.6

Table 3: Grain size and anisotropy factor measured from TEM images of the extruded steels

Microvickers hardness tests are performed on the extruded materials. Also, prior to
extrusion, characterization of the milled powders chemistry, and especially of the oxygen
content, is performed. These two parameters are plotted in Figure 9 along with the inverse of
grain size, to visualize their evolution with milling intensity. Microhardness Vickers
measurements performed on 11, 12, 13, 14 indicate a general rising of hardness with increasing
milling intensity. This is correlated both to a global rising of the oxygen content and to a
decrease of grain size. It can be noticed that grade 0.5P-13 displays a slightly lower hardness
than 0.5P-12, which is not in the general evolution way of the test set, and that the oxygen
content follows exactly the same tendency. The evolution of hardness of the elaborated steels
is then consistent with the evolution of solid solution hardening and grain size contributions.

Additionally, the presence of dislocations could participate to the hardness increase
with higher milling intensity. Dislocation density is not evaluated in this work, but it has been
demonstrated that the increase of milling intensity entails increased internal stress and
hardness of milled powders [36]. This characteristic could be retained after consolidation of
the powders.

The contribution of precipitates, however, does not seem to be a preponderant factor
for specimens with milling intensities from 12 to 14 at least. Indeed, grades 0.5P-12, 0.5P-13
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and 0.5P-14 all show similar features in terms on nanosized precipitates. SAXS measurements
indicate a precipitate density of the order of 10°® m™ for a mean size of about 2-4 nm, when
grade 0.5P-11 presents a lower precipitates density (in the order of 10*° m™). This grade would
therefore be less strengthened by small particles.

7000

\ Milling Intensity A
6000

1000 I I |
0

[05p-11] [05P-12] [05PI3 |  [0.5P-14]

N w By (%)
o (=] (=) (=]
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Oxygen content (ppm)

Figure 9: Representation of Vickers hardness, inverse of grain size of extruded materials and oxygen content of
the milled powders for grades produced with different milling intensities. The data of O content for sample 0.5P-
11 is not available.

The effect of milling intensity on the chemical and microstructural features of the powders
and consolidated material reflects also, in the end, on the mechanical properties. Charpy
results (Figure 10) highlight the degradation of impact toughness properties resulting from
increased milling intensity. This is particularly visible with grade 0.5P-14, milled with the
highest intensity, which USE reaches only 0.5 J. This phenomenon could be explained by the
high reactivity of the milled powder with elements from the atmosphere, increased after high
intensity milling. Indeed, high N and C contents in the material can reduce ductility
significantly [37], as N tends to segregate along grain boundaries, leading the material to be
more brittle. The erosion of the vial, mill and balls can also be the source of contamination.

Due to a lack of material, 11 could not be tested, but from the look of the Vickers hardness
results, it seems like this grade would present high performances in tensile strength and poor
elongation, and therefore poor impact toughness. This would correlate to previous
observations from Kim et al., who showed higher milling intensity induced higher milling
efficiency, with a finer and more homogeneous microstructure, but also resulted in higher
tensile strength and lower elongation [35].
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Figure 10: Charpy impact test results of grades elaborated with different milling intensities

c. Influence of the reinforcement rate

To evaluate the influence of reinforcement particles content on the material properties,
three grades are produced at I3 milling intensity with different rates of Y,Ti,O; powder: the
standard 0.5 wt.% (0.5P-13), and intermediate 0.25 wt.% (0.25P-13), and a steel free of
reinforcement (0-13).

The evaluation of the grain size of extruded bars by TEM image analysis (Figure 8 c, d
and f and Table 3) shows clearly the influence of the rate of reinforcement on the mean grain
size. Grades 0.5P-13, 0.25P-13 and 0-13 display mean grain size of 0.67 + 0.07 um, 1.15 +
0.17 pm and 4.01 + 0.74 um, respectively. Therefore, the increase of reinforcement rate
induces a refinement of the microstructure, as observed on conventional grades [38]. Indeed,
in ODS steels, the nanoparticles restrain the motion of grain boundaries during heat
treatments, limiting grain growth [39].

Figure 11 displays the results of Charpy tests on grades produced with different
reinforcement rates. Grade 0-13, free of reinforcement, presents good impact toughness
properties, with a USE of 8,2 J and a DBTT of -110°C. With the addition of reinforcement for
the two other grades, the DBTT rises and the USE decreases to -52°C and 6.0 J, respectively,
for grade 0.5P-13. This result shows that an increase in reinforcement particles content leads
to a significant decrease in impact toughness properties. Grades with less reinforcement
display higher USE and lower DBTT. He et al. have similar conclusions on ODS
conventional grade with various Ti contents [8].
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Concerning tensile properties, Figure 12 shows the evolution of yield strength and
total elongation of the three grades elaborated with different reinforcement rates. Grade 0-13,
free of reinforcement, displays rather low strength (253 MPa at 20°C) compared to grade
0.5P-13 (747 MPa at 20°C). The elongation of grade 0-13 is also higher, especially at 650°C
with 70% total elongation. Grade 0.25P-13 presents intermediate properties. Therefore, an
increased reinforcement rate induces higher strength and lower elongation. The increase in
nanoparticles density prevents even more the motion of dislocations, strengthening the
material and decreasing ductility. These results are also observed on conventional grades [40].

Therefore, reinforcement rate is crucial for mechanical properties. The introduction of
reinforcement particles in metallic matrix induces an increase in tensile strength paired with a
decrease in ductility and impact toughness properties.
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Figure 12: Yield strength and total elongation displayed during tensile tests by grades elaborated with different
reinforcement rates: 0.5 wt.% (0.5P-13), 0.25 wt.% (0.25P-13) and without introduction of reinforcement
particles (0-13).

Results show that grade 0.25P-13 seems to be a favorable compromise between grqdes
0.5P-13 and 0-13. Indeed, its impact toughness properties are very close to those of the
reinforcement-free grade 0-13, with a USE of 7.8 J, and its tensile properties are closer to
those of the reinforced grade 0.5P-13. The 0.25 wt.% Y,Ti,O7 reinforced grade therefore
combines good impact properties and good tensile strength. In addition, it appears that 0.25P-
I3 has better impact properties than the conventional 0.5CV-I3 grade (Figure 6). Its USE is



higher (7.8 J against 7.4 J) and its DBTT is lower (-73.3°C against -42°C). The 0.5 wt.%
reinforcement rate was initially chosen to match the Fe-14Cr-1W-0.3Ti-0.3Y,0;3 grade, for
which the impact properties are the best obtained with the conventional elaboration process
[39]. According to the innovative manufacturing range proposed in this study, these results
lead to conclude to the necessity to perform an optimization study of the reinforcement rate in
order to improve the properties of the material. The optimal reinforcement rate may differ
depending on the nature of the introduced elements. The introduction of Y,Ti,O;
reinforcements seems to require a smaller amount of mass reinforcement compared to
simultaneous introduction of Y,03 and TiO, to achieve optimal impact properties.

d. Incorporation mechanism of particles based on TEM investigation

HRTEM analyses performed on the materials from this study show particles with
variable size and a structure compatible with Face Centered Cubic (FCC) pyrochlore Y,Ti,O.
However, other types of particles are observed in the materials, and in particular,
polycristalline particles, as shown in Figure 13 and Figure 14.

(e) Area \ hkl \Measured thl\ Theoretical Dhkl

1 331 251 2.32
1 220 3.86 3.57
1 151 2.18 1.94
2 620 1.61 1.60

Figure 13: HRTEM images of a polycristalline particle (a) bright-field picture with two distinct crystalline
zones, (b) zoom on the interface between zones 1 and 2, (¢) FFT of area 1, (d) FFT of area 2 and (e) table
summarizing the measured interplanar distances and matching theoretical interplanar distances of the areas

Figure 13 shows HRTEM images of a large particle (50 nm) presenting two distinct
areas (numbered 1 and 2 on the picture). The zoom on the interface (Figure 13.b) shows that
both parts have a crystalline structure but different interplanar spacings. Fast Fourier
Transformation (FFT) performed on the signal corresponding to area 1 (Figure 13.c) is
coherent with a FCC cubic Y,Ti,O; pyrochlore structure in a [116] axis zone with a
calculated lattice parameter of 10.95 A. For area 2, interplanar measured spacing (Figure



13.d) is in accordance with plans (620) of the pyrochlore structure (no complete FFT could be
resolved). Hence, this particle appears to be composed of two distinct pyrochlore crystallites
with different orientations.
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Figure 14: HR-TEM pictures of a “biphased” particle, (a) bright-field image showing to distinct parts of the
particle, (b) zoom on part 2 structure, (c) FFT of part 2.

Figure 14 shows another example of a “biphased” particle. In this case, the upper part
(zone 1) is a disordered domain (amorphous), which does not exhibit any lattice fringes. The
lower part (zone 2) has a crystalline structure (Figure 14.b), and the associated FFT (Figure
14.c) attests of the crystalline structure. This particle, nearly spherical and incoherent with the
matriX, is composed of a crystalline domain and an amorphous domain.

Similar “biphased” particles have been observed in the literature. In a Fe-16Cr-4.5Al-
0.3Ti-2W-0.37Y,03 ODS steel, Hsiung et al. characterized through EFTEM and HRTEM
complex-oxide Y-AI-O nanoparticles with a crystalline core and an amorphous shell, or with
several crystalline domains [41]. The authors explain this feature by the amorphization of
oxide nanoparticles during the MA process of the ODS steel followed by their crystallization
during consolidation.

Discussion

These observations lead to the proposition of an introduction mechanism of Y,Ti,O;
particles in the metallic matrix. It involves the partial or total amorphization of oxide
nanoparticles during the MA of the ODS steel followed by their crystallization during the
steel consolidation process. Some particles might undergo, during MA, an only partial
amorphization and would be constituted of a crystalline Y,Ti,O; part and of an amorphous
part. During the subsequent heat treatment and consolidation, several phenomena can be
considered:

- The amorphous part crystallizes with a modified orientation from the already-
crystalline part. The after-consolidation particle presents then two differently oriented
distinct phases, as shown in Figure 13.

- The amorphous crystalline part remains amorphous, and the after-consolidation
particle is biphased with a crystalline part and an amorphous part, as shown in Figure
14.

A second hypothesis would be that the amorphization of the particles takes place during
milling, but the recrystallization afterwards would be incomplete. This would explain the
unidentified crystalline structure of the particle observed in Figure 14. Indeed, the sharp and
angular interface between the both particle areas is probably due to the fragmentation of a
powder particle during MA. An amorphous domain stays adjacent to the recrystallized
fragment, which is no longer Y,Ti,O7 but an unidentified structure. Similar observations are
made in the study of Hsiung et al., with an amorphous domain adjacent to a recrystallized



fragment which is no longer Y,03 but Y4Al,Og [41]. This suggests that a solid-state
amorphization occurred during the MA, presumably through disordering and solute mixing of
initial powder particle fragments with the matrix constituents (Fe, Cr,W).

Then, the results suggest that the introduced Y,Ti,O; powder particles are amorphized
during MA and they recrystallize during consolidation. Once the particle is amorphous,
crystallization does not necessarily lead to the pyrochlore form, as the chemical composition
of the particle might have been altered during amorphization through the introduction of
matrix constituents (Fe, Cr, W). The introduction mechanism could then explain the Cr
enrichment identified in most particles by EFTEM (Figure 15) and confirmed by EDX
measurements. Both techniques reveal that inclusions contained in the powder (before
consolidation and after milling) as well as in the densified material are rich not only in Ti, Y
and O, but also in Cr. Chromium is included in the particles as soon as right after the milling
step. Cr enrichment is often observed in ODS nanoparticles, but mostly is the shape of a shell,
with a Y-T-O crystalline core [42], [43]. In the absence of Ti in the composition, Cr has been
noticed in Y-Cr-O precipitates [12], [22], [44], revealing that chromium has a strong affinity
with oxygen. In particular, a study showed the presence of large Y-Ti-Cr-O oxides in a 14Cr
(wt.%) grade elaborated by co-milling of the metallic powder with TiH,, YH, and Fe,O3
powders [45].

o / o

Figure 15: EFTEM :':malysis of sample 0.5P-13

Figure 16 proposes a schematic view of the different processes leading to the different
types of observed particles in the material. First possibility, the particle is a non-coherent
pyrochlore particle. (1) It can originate in the simple fragmentation of the introduced Y ,Ti,O;
oxide nano-powder during milling, followed by its stabilization during the subsequent heat
treatments. Or (2), it can come from the recrystallization of a particle that was amorphised
during the milling. (3) An amorphization can also lead to a particle presenting two distinct
areas, either both crystalline, or with a remaining amorphous area. Finally (4), small (< 5 nm)
coherent pyrochlore particles most probably originate from the nucleation of precipitates from
elements issued by the decomposition of the oxide powder during the milling.



() Stabilisation in ; Non-coherent

—_—
) pyrochlore pyrochlore
Fragmentation particle
(2)  Recrystallization —
in pyrochlore
Cristaline Amorphisation i
pyrochlore (3) ' } « bipha.lsed »
powder Partial particle
particle recrystallization
Decomposition
@ Small
4
Germination & gl etent
T pyrochlore
precipitation particle
MILLING wiTy CON
Fe-Cr-w SOLIDATION

Figure 16 : Schematic representation of the suggested different mechanisms through which particles are
incorporated in ODS steels

4. Conclusion

In this paper, an innovative method for ODS production is presented. It involves the
introduction of Y,Ti,O; pyrochlore phase as a strengthening powder during the milling.
Materials produced with this new process are compared to a conventional material, in all
respects similar except for the use of Y,03 + TiO, powders as a strengthening powder. These
results show that the production of ODS steel with a high density of nanosized precipitates is
possible through the introduction of Y,Ti,O; powder as a reinforcement powder. The
following conclusions can be drawn:

- The introduction of strengthening elements in the form of Y,Ti,O; pyrochlore,
compared to the conventional way, tends to decreasing the number of large (> 100
nm) precipitates.

- No segregation at the grain boundaries is observed in these new materials. This is a
particularly interesting feature, considering that in most cases, ODS materials present
large oxides (e.g. TiO,) at grain boundaries, inducing a degradation of the mechanical
properties.

- A high density of Y,Ti,O nanoparticles, especially for sizes smaller than 5 nm, is
contained in the new grades elaborated with the studied method.

- The proposed innovative way, by introducing reinforcement via Y,Ti,O, leads to a
more homogeneous material with less coarse precipitates and more reliable impact
properties compared to the conventional introduction of Y,03 + TiO,.

This study also evaluated the influence of different elaboration parameters in this innovative
process such as milling intensity and reinforcement rate.



- Low-intensity milling of metal powder and Y,Ti,O; oxide powder leads to a
significant heterogeneity by creating aggregates of nanoparticles in the material.

- Very high intensity milling process homogenizes the mixture and produces a material
with a fine microstructure, but a drastic decrease in the resilience properties is
observed.

- The influence of milling intensity reflects not only on the size of powder particles after
the milling, but also has consequences after consolidation: an increased milling
intensity induces a finer microstructure in the dense material.

- A reduced milling intensity leads to reduced hardness as well as better impact
toughness properties.

- With increased rate of Y,Ti,Oy, the material shows refined microstructure due to the
effect of nanoprecipitates on the motion of grain boundaries during heat-treatments.

- Reinforcement rate is critical on mechanical properties, as an increase rate of Y;,Ti,Oy
induces higher tensile strength, lower ductility and lower impact toughness properties.
However, a favorable compromise could be found closer to 0.25 wt.% Y,Ti,O;. An
additional study would be requested in order to find the amount of Y,Ti,O; optimizing
the mechanical properties, and, additionally, more mechanical characterizations will
have to be carried out in order to optimize the process

Finally, this study highlights the presence of “biphased” particles comprising either
two crystalline parts of different orientation or structure, or a crystalline part and an
amorphous part. This lead to propose a mechanism for the introduction of reinforcements.
The agglomerated Y,Ti,O; powder particles would be reduced to nanometric sizes and
amorphized during grinding. The consolidation would then induce the crystallization of
the amorphized particles, according to the pyrochlore Y,Ti,Oy7 structure or other structures
that can be linked to the introduction of matrix elements into the particle. The EFTEM
analyses showed in particular the recurring presence of chromium in the precipitates.
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Highlights

ODS steels were produced using an innovative manufacturing process where Y,Ti,O;
pyrochlore oxide nanoparticles are introduced directly into the Fe-Cr metallic powder
through mechanical milling.

This innovative method is efficient to obtain competitive ODS steels with a more
homogeneous microstructure, less coarse precipitates and more reliable impact
properties compared to the conventional process.

The study also underlines the influence of milling intensity and reinforcement rate on
microstructural and mechanical properties of the consolidated material.

This study highlights the presence of “biphased” particles comprising either two
crystalline parts of different orientation or structure, or a crystalline part and an
amorphous part.





