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Abstract: Two different zirconium contents (0.45 and 0.60 wt.%) have been incorporated into a
Fe-14Cr-5A1-3W-0.4Ti-0.25Y,03 oxide dispersion-strengthened (ODS) steel in order to evaluate
their effect on the final microstructure and mechanical properties. The powders with the targeted
compositions were obtained by mechanical alloying (MA), and subsequently processed by spark
plasma sintering (SPS) at two different heating rates: 100 and 400 °C-min~!. Non-textured bimodal
microstructures composed of micrometric and ultrafine grains were obtained. The increase in Zr
content led to a higher percentage of Zr nano-oxides and larger regions of ultrafine grains. These
ultrafine grains also seem to be promoted by higher heating rates. The effective pinning of the
dislocations by the Zr dispersoids, and the refining of the microstructure, have significantly increased
the strength exhibited by the ODS steels during the small punch tests, even at high temperatures
(500 °C).

Keywords: ODS; zirconium; spark plasma sintering (SPS); microstructure; small punch test (SP)

1. Introduction

The harsh environments that will stand the Generation IV nuclear fission reactors have motivated
the need of using materials capable to resist these extreme conditions. Within this framework, FeCrAl
oxide dispersion-strengthened (ODS) steels have been considered in the past decades to withstand
both the high operation temperatures and the neutron fluxes [1,2]. The properties of ODS steels result
from the combination of high density of thermally stable nano-oxides homogenously distributed in
the matrix, which are able to pin dislocations increasing the creep behaviour, and the fine grain size
distribution that promotes high strength [3,4].

Initially, the oxides particles were pure Y,03, which seem to be fragmented during the milling
step and then become partially amorphous [5]. However, this addition of Y,03 was not enough to
improve the mechanical properties. Thus, Ti was added to promote finer nano-oxides more resistant to
the coarsening [6]. Furthermore, W was also incorporated in order to increase the properties at high
temperature by solid solution strengthening and to decrease the creep strain rate [7]. In those cases
where special requirements of corrosion resistance were needed, such as materials dealing with liquid
metals and supercritical water, Al and Cr were suitable elemental candidates in order to improve the
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resistance [8,9]. Nevertheless, the addition of Al has been reported by many authors as responsible
for the coarsening of the oxides because of the formation of Y-Al-O particles [8,10,11]. This oxide
growth decreases the strength at high temperature. Therefore, the option of adding a new element
such as Zr has been investigated in recent years to avoid the coarsening of the oxides while keeping
the mechanical strength and the corrosion resistance [12,13]. The reason for these improvements is
that the binding energy of Y-Zr oxides in an iron matrix is higher than that of Y-Al oxides, indicating
that Y-Zr oxides are formed more easily and with higher stability than Y-Al oxide particles, refining
the oxide particles and increasing their number density [12,14]. Furthermore, the incorporation of Zr
introduces the additional benefit of increasing the resistance to irradiation damage due to the high
irradiation tolerance and thermal stability introduced by these new nano-oxides [12,15].

On the other hand, the most common processing routes used to sinter ODS steels are hot extrusion
(HE) and hot isostatic pressing (HIP). However, in the last years, field assisted sintering techniques
(FAST), such as spark plasma sintering (SPS) and field-assisted hot pressing (FAHP), have been reported
as promising processes to better tailor a suitable bimodal grain structure [16-18]. This grain size
distribution is mainly composed of micrometric and nanometric grains. On one side, the micrometric
grains have a direct effect on the increase of the ductility, since they improve the strain hardening
mechanism by promoting the dislocation activity. On the other side, the fine nanometric grains
improve the strength as a result of a higher quantity of grain boundaries acting as a barrier for the
dislocation movement [19]. Therefore, it is possible to obtain a hetero-nanostructure in which the
material possesses high strength together with an adequate ductility. One important advantage of
this FAST techniques, in which powders are poured into a graphite matrix and undergo simultaneous
uniaxial pressing and heating by the Joule effect, is that they allow the consolidation of the samples
in short periods of time (around 30-40 min or even lower times) [20,21]. This fact is due to the fast
generation of internal heat that increases the sintering kinetics and leads to higher densifications.
Therefore, an undesirable growth of the nano-oxides and the austenitic grains, transforming into
ferrite during the cooling of the ODS steels analysed in this work, is partially avoided during the
sintering step.

In the present investigation, a FeCrAIW-ODS pre-alloyed powder is modified by adding elemental
Ti, Y,0O3 and Zr or ZrO; during the mechanical alloying with. The aim is to analyse the effect of the
Zr nano-oxides on the final properties achieved after SPS. This Zr is incorporated with two different
weight percentages, 0.45 and 0.60 wt.%. Thus, the final concentration in each sample will be different in
order to discern if small differences in the final Zr content of the sample may affect the final mechanical
properties at room and high temperatures. All materials are mechanically evaluated by Vickers
hardness (HV) and small punch testing (SPT) at different temperatures. These results are also compared
to those reported for the 14Cr ODS material characterised in the framework of the GETMAT European
project (14GET) in order to further qualify the new steels [22].

2. Materials and Methods

The ODS steels developed in this investigation were obtained by MA of a prealloyed
Fe-14Cr-5A1-3W (wt.%) powder supplied by Sandvik Osprey (Neath Port Talbot, UK), a high pure
elemental Ti powder provided by GfE mbH (Nuremberg, Germany), an Y,O3; nanopowder from TJ
Technologies & Materials Inc. (Shanghai, China), and two different powders acting as Zr sources:
a ZrO, powder provided by Arenas Minerales S.L. (Castellon, Spain) and a pure elemental Zr powder
from Good Fellow (Hamburg, Germany). Two different contents of Zr were selected: 0.45 and 0.60 wt.%.
The nominal compositions for the ODS powders are listed in Table 1.

For the chemical analysis of the oxygen content in the powders, a LECO TC500 analyser (St. Joseph,
MI, USA) was used, whereas a LECO CS230 analyser (St. Joseph, MI, USA) was utilised for the
measurement of the carbon content. The morphology and shape of the powders were assessed by
means of a Zeiss EVO MA15 scanning electron microscope (Oberkochen, Germany) at an accelerating
voltage of 20 kV. Furthermore, the particle size distribution was evaluated by a laser particle size
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analyser (Mastersizer 2000, Malvern, Worcestershire, UK). In order to characterise the crystallite size
and lattice strain after the milling of the powders, X-ray diffraction was performed using the Cu Ky
radiation of a Philips X'pert diffractometer (Amsterdam, The Netherlands) and the calculations were
made applying the Scherrer method [23].

Table 1. Nominal composition and Zr content of ODS powders (wt.%).

Sample ID Composition Zr Content
ODS_NoZr Fe-14Cr-5A1-3W-0.4Ti-0.25Y,03 Null
ODS_0.45Zr Fe-14Cr-5A1-3W-0.4Ti-0.25Y,03-0.6ZrO, 0.45
ODS_0.60Zr Fe-14Cr-5A1-3W-0.4Ti-0.25Y,03-0.6Zr 0.60

The ODS steels were consolidated by SPS using HP D 25/3 furnace (FCT Systeme GmbH,
Frankenblick, Germany) under low vacuum (5 x 102 mbar). The powders were poured into a graphite
die of 20 mm diameter and sintered at 1100 °C. Two different heating rates were selected, 100 and
400 °C-min~!, to analyse their effect on the final properties. The dwelling time was 5 min with a
compacting pressure of 80 MPa. A high purity tungsten foil (25 pm thick) was used in order to avoid a
potential carbon contamination coming from the graphite tools [24,25].

The microstructure was characterised using a dual-beam scanning electron microscope FEG-FIB
Helios Nanolab 600i (FEI, Hilsboro, OR, USA) coupled to electron backscatter diffraction (EBSD-Oxford
Instruments HKL NordlysNano detector, Oxford, UK). The sintered samples were ground with SiC
papers and subsequently polished down to 1 um with diamond solutions. A colloidal silica solution
was used at the final stage to slightly etch the samples and to remove the deformation layer produced
during mechanical polishing. The EBSD acquisitions were conducted with an accelerating voltage
of 15 kV, a beam current of 5.5 nA and a step size equal to 80 nm. The average austenite grain sizes
were calculated using the post-processing software HKL Channel 5.0 supplied by Oxford Instruments
(Oxford, UK), considering grain boundaries with misorientation angles above 5°. With the aim
of characterising the composition of the different oxides present within the ferritic matrix of the
SPSed samples, Z-contrast imaging by high angle annular dark field scanning transmission electron
microscopy (HAADF) and EDX elemental mapping analyses were performed in FIB samples using a
Talos F200X FEI TEM (Hilsboro, OR, USA) operating at 200 kV. TEM lamellas extraction was carried
out using the dual-beam scanning electron microscope described above, which was equipped with a
gallium liquid metal ion source. The system has an Omniprobe TM micromanipulator to control a
tungsten needle and a Pt-gas injection system to cover and protect the site of interest with a stripe
of platinum. The surrounding material is then etched away using the Ga-ion beam. With this aim,
an acceleration voltage of 30 kV is applied and the ion beam current is progressively decreased from
65 nA to 0.79 nA. In this step, the final thickness achieved is around 1.5 pm. The tungsten needle
is subsequently used to extract and move the lamella to a V-shaped copper holder, where it is fixed
by Pt deposition. At this moment, the Ga-ion beam current is decreased to 16 pA with a voltage of
5 kV to minimize the beam damage and to polish the lamella progressively on both sides to a final
homogeneous thickness of 100 nm.

The evaluation of the mechanical properties was carried out by means of Vickers microhardness
measurements and small punch tests. For microhardness tests, a load of 0.2 kg during 10 s was
applied in a SHIMADZU HMV-2 tester (Kyoto, Japan) equipped with a Vickers diamond indenter.
The hardness data correspond to the average of ten measurements. To assess the fracture behaviour of
the ODS steels with temperature by SPT, 3-mm diameter discs were cut in the transverse section to the
sintering pressure. Plane-parallel samples with a thickness of 0.250 mm were obtained by grinding
and polishing both sides of the disc using colloidal silica at the final stage. The tests were performed
at three different temperatures (R.T., 300 and 500 °C) with a puncher tip diameter of 1 mm and at a
rate displacement of 0.3 mm-min~!, following The European Code of Practice for Small Punch Testing
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for Tensile and Fracture Behaviour [26]. The test was repeated twice in each condition to ensure
its reproducibility.

3. Results and Discussion

3.1. Characterisation of MA ODS Powders

An adequate milling of ODS powders is an important step to assure the limitation of the ferritic
grain size and nano-oxides growth during the sintering by SPS. High-energy ball milling basically
consists of repeated fragmentation, cold welding, dynamic recrystallisation and mechanically driven
interdiffusion in order to convert the raw powders into a single phase alloy. The irregular shape of the
MA ODS powders with 0.45 or 0.60 wt.% of Zr is shown in Figure 1.

Figure 1. Powder morphology after 50 h of milling: (a) ODS-0.45Zr, (b) ODS-0.60Zr.

The powders of this investigation were characterised in terms of mean particle size, oxygen/carbon
contents and crystallographic parameters, as listed in Table 2. The MA process provides a high density
of dislocations, which decreases significantly the crystalline coherence zone and leads to the reduction
of the crystal size of the ODS powders in comparison with the prealloyed powders. On the other
hand, it is worth highlighting the increase of the lattice strain as a result of the distortions introduced
in the system due to the incorporation of Ti, Y, Zr and O into the lattice [27]. The crystallite size
and the microstrain values achieved after 50 h of milling time at 800 rpm are suitable parameters for
retaining the nanostructure during the sintering, since the crystal growth begins when the internal
strain decreases below a certain value dependent on the material [28,29].

Table 2. Mean particle size, interstitial contents and crystallographic parameters of the powders.

dso (0] C Crystallite Size Lattice Strain
Sample ID (um)  Wt%)  (wt%) (nm) (%)
Prealloyed 14Cr 29.8 0.030 0.012 43.1 0.217
ODS_NoZr 499 0.350 0.141 13.8 0.760
ODS_0.45Zr 44.8 0.188 0.048 124 0.836
ODS_0.60Zr 77.0 0.047 0.195 11.7 0.782

3.2. Microstructural Characterisation of SPS ODS Alloys

The microstructure of the ODS steels sintered by SPS with different heating rates (100 and
400 °C-min~!) was analysed by using the Inverse Pole Figure (IPF) maps obtained after the acquisition
by EBSD (Figure 2).
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Pressure

Figure 2. IPF-EBSD maps on the ODS alloys: (a) ODS-0.45Zr100 sintered at 100 °C-min~!,
(b) ODS-0.6Zr100 sintered at 100 °C-min~!, (c) ODS-0.45Zr400 sintered at 400 °C-min~!,
(d) ODS-0.60Zr400 sintered at 400 °C-min1.

As shown in this figure, a SPS process usually generates a bimodal grain-size nanostructure
because of different phenomena acting together: generation of non-homogeneous spatial distribution
of stored energies during MA, non-uniform distribution of oxides and heterogeneous temperature
distribution within the powders during sintering [30]. From these maps, it can be noted that the
introduction of a higher zirconium content into the system has led to the increase of the ultrafine-grained
areas (grain size below 1 um) within the matrix for the same sintering condition The refinement
of the microstructure may be probably due to the precipitation of a higher quantity of effective Zr
nano-oxides acting as inhibitors of the grain size growth during recrystallisation. On the other hand,
the increase of the heating rate during the SPS also has a clear effect on the final microstructure reached,
leading to more regions of ultrafine grains for the same ODS composition, as previously reported by
Macia et al. [17] This may be caused by a higher heating rate leading to shorter times to homogeneously
distribute the heat generated by the Joule effect through the powders, in physical contact inside the
sintering die, producing as a result bigger grains in those regions in which the temperature reaches
higher values.

The size and composition of the oxides generated in the ODS steels are evaluated, since they have
a close effect on the final grain size achieved, and subsequently on the mechanical properties at room
and high temperatures. For the whole study of the oxides, the samples heated at 100 °C-min~! were
selected. The addition of Zr during the MA is mainly seeking for the refinement of the oxides and it
would contribute to the increase of the oxide density. As shown in Figure 3, the oxide dispersoids are
not homogeneously distributed within the different grains. Therefore, it is possible to find grains with
higher oxide number density. Most of the particles are in a range size between 3 and 25 nm, and they
are located inside the grains and along the grain boundaries.
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Figure 3. Bright field STEM images: (a) ODS-0.45Zr, (b) ODS-0.60Zr.

The oxide size distribution and the mean oxide diameter are calculated from representative dark
field TEM micrographs (Figure 4). These histograms indicate that the mean oxide diameter is 7.7 nm
for ODS-0.45Zr and 5.6 nm for ODS-0.60Zr, whereas it is 12.0 nm in the sample without Zr. Therefore,
the oxide size has been refined by adding Zr, which is able to form fine and more stable nano-oxides,
as reported by several authors [12,31]. The oxide number densities reached in the ultrafine regions
are in the same order of magnitude for both ODS samples with Zr, being 1.4 X 10> m~2 in the case of
the ODS with the lower Zr content and 1.6 x 10?2 m~3 for the ODS with 0.6 wt.% of Zr. The previous
values represent an increase in an order of magnitude with respect to the ODS without Zr, which oxide
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Figure 4. TEM images and oxide size distribution: (a) ODS-NoZr, (b) ODS-0.45Zr, (c¢) ODS-0.60Zr.

To characterise the elements that are forming the nano-oxides, TEM EDX maps were obtained in
different regions, similar to those shown in Figure 5, in both ODS with different Zr contents. Around
two hundred oxides were analysed for each ODS sample and it is worth mentioning that almost all 1-,
2-, 3- or 4-element combinations among Y, Al, Ti, and Zr with oxygen are possible.
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Figure 5. High angle annular dark field scanning transmission electron microscopy (HAADF-STEM)
image and STEM-EDX elemental colour maps showing the oxides compositions in (a) ODS-0.45Zr,
(b) ODS-0.60Zr

The predominant compositions of these oxides are Y, Al, Ti, Zr, AlZr, AlTi, TiZr, YZr, YA, YAlZr,
YTiZr, YAITi and YAITiZr. The main difference found between the ODS samples, is that the percentage
of oxides with Zr is significantly higher in the ODS-0.60Zr (67%) than in the ODS-0.45Zr (49%). On the
other hand, the ODS-0.45Zr exhibits a higher percentage of oxides with Al (78%) than the ODS-0.60Zr
(51%). In view of these results, it should be noted that the Zr addition is not avoiding the formation of
Y-Al oxides, as it has been reported in the literature [12,32]. From the analysis of the oxide compositions,
it is possible to conclude that small variations in the Zr content lead to significant differences in the
concentration of the main precipitates formed within the ferritic matrix of these ODS alloys.

3.3. Mechanical Characterisation of SPS ODS Alloys

Vickers” microhardness measurements performed in the ODS specimens of this investigation
(Figure 6) reveal that the addition of Zr increases noticeably the hardness in comparison with the
same steel without Zr but with the same content of Al, Ti and Y,Oj3. This improvement is clearly
due to the precipitation of Zr nano-oxides with different compositions, which are able to generate an
Orowan strengthening by pinning effectively the movement of the dislocations created during the
plastic deformation of the steel. The values reached are promising since they are higher than those
reported in the literature for the hipped U14YW (14 wt.% Cr) and the hot extruded PM2000 (20 wt.%
Cr) ODS steels, and in the range of the hot extruded MA957 (14 wt.% Cr) and 14GET (14 wt.% Cr) ODS
alloys [33-36].
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Figure 6. Microhardness of the ODS steels developed in this investigation and some ODS steels from
the literature [33-36].

In addition, SP tests are performed on the ODS steels sintered by SPS in order to analyse more
deeply the influence of the Zr nano-oxides on the mechanical behaviour of these materials. The load vs.
deflection curves obtained for the different Zr contents (0.45 and 0.60 wt.%) and the selected heating
rates (100 and 400 °C-min~') are shown in Figure 7. The mechanical behaviour is analysed at R.T., 300
and 500 °C in order to assess the stability and the adequacy of these new Zr dispersoids to retain the
strength even at high temperatures. Furthermore, the maximum load values achieved in these SP tests
at different temperatures are listed in Table 3. To compare the here-developed Zr ODS alloys with the
ODS from GETMAT project, the data obtained for a similar SP test carried out on this alloy are also
drawn in this graphic.

ey
600

550

500

Load (N)

weee ODS_14GET
ggg = — ODS_0.6Zr400
i ODS_0.6Zr100
wd A e ODS_0.45Zr400
< ODS_0.45Zr100
0 —— ODS_No Zr
00 01 02 03 04 05 06 07
Deflection (mm)
700 700
65011300 °C 65011500 °C
01 [300 ¢ %0800 °c |
550 550
500 500 -
= 450 = 4501
Z 400 Z 4004
T 350 T 3501
T 3001 T 3001
1 250 — 2504
200 4 200
150 1501
100 1004
50 50
0- 0
OI.O 0{1 ()I,Q 0{3 074 075 0?6 0.7 O.‘O O.‘ﬂ 012 013 014 D‘.S DI.S 0.7
Deflection (mm) Deflection (mm)

Figure 7. Load-deflection curves from small punch (SP) tests obtained at R.T., 300 and 500 °C for ODS
sintered with different Zr contents and heating rates.
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Table 3. Maximum load values reached at different temperatures during SP tests.

Sample ID Fmax (N) at R.T. Fmax (N) at 300 °C Fmax (N) at 500 °C
ODS_14GET 684 393 359
ODS_0.60Zr400 407 388 339
ODS_0.60Zr100 388 384 308
ODS_0.45Zr400 370 405 373
ODS_0.45Zr100 354 357 360
ODS_NoZr 258 317 251

The results indicate that the addition of Zr promotes indeed the precipitation of new highly
stabilised nano-oxides serving as effective pinning points for the dislocation movement, and favouring
the increase of the strength of the material at all the temperatures tested, in comparison to the ODS
without Zr addition. In addition, these Zr nano-oxides contribute to a microstructure in which there
exists more volume of ultrafine grains (Figure 2). Likewise, the increase of the heating rate during
sintering has also promoted these ultrafine grain regions. Then, the Zr content and the heating rate are
parameters affecting the volume occupied by ultrafine grains. These regions with fine grain size exhibit
a higher quantity of grain boundaries also acting as barriers for the movement of the dislocations
and hardening the material by a Hall-Petch effect [37,38]. As a result, a higher volume of equiaxed
ultrafine grains within the matrix, linked to existence of a larger number of fine and stable dispersoids
in the matrix, are parameters acting together to achieve the significant strength increase observed
in the Zr-ODS samples when compared to the No Zr-ODS. Nevertheless, at room temperature the
experimental curves also highlight that the maximum loads withstood by the new Zr ODS alloys
are noticeably lower (354-407 N) than the maximum load achieved by the 14GET ODS (684 N). This
14GET ODS was processed following hot extrusion at 1100 °C and a subsequent annealing, which led
to a microstructure formed by elongated ferritic grains with bimodal grain distribution and a strong
<110> fibre texture along the extrusion direction [33]. The SPSed Zr ODS steels are also composed
of a bimodal grain distribution (Figure 2). However, in these samples, the grains grow during the
SPS process in many different orientations, which are related to the preferential paths followed by the
electrical current going through the matrix. This results in the existence of many elongated micrometric
grains that grow along different directions within the matrix, together with the existence of regions
formed by more equiaxed ultrafine grains. In addition, no texture is found in the samples at the end of
the SPS process. These differences in the grain shape and in the preferential grain orientation may be
the responsible for achieving a lower strength in SPSed alloys than in the HEed steel tested at room
temperature. Thus, these results suggest that, at room temperature, the grain boundary sliding is more
favoured when the SP test is performed on a SPSed ODS microstructure than along the longitudinal
section of a HEed ODS sample. On the other hand, the SP curves shown in Figure 7 do not indicate
significant differences in the ductility exhibited by the SPed and HEed ODS samples tested in this
investigation at room temperature.

At higher temperatures, the HEed 14GET ODS is considerably decreasing its strength, and the
maximum load drops to 393 N at 300 °C, and 359 N at 500 °C. On the other hand, it is worthy remarking
that the SPSed microstructure seems to be able to retain the levels of strength with the increase of the
temperature up to 300 °C. If the temperature is further increased up to 500 °C, then the maximum load
decreases slightly to the range 308-373 N in the SPSed samples with Zr. The trend of diminishing the
strength with increasing temperature is expected since some dislocations will be able to overcome the
pinning caused by the nano-oxides, and therefore their motion is activated by thermal mechanisms [39].
Furthermore, the increase of the temperature produces slight coarsening of the grain structure and
the dispersoids size, which are thermally activated processes, also contributing to the decrease of the
strength. With the increase of the temperature above 300 °C, not significant differences are found in
the strength and ductility obtained for the different Zr contents or heating rates. At these temperatures,
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the motion of dislocation is so promoted that small variations in the volume fraction of nano-oxides
and grain boundaries seem to have a negligible effect on the mechanical properties.

The examination of the samples after the SP tests reveals a fracture with circumferential cracks,
typical for small punch ductile behaviour, together with some secondary radial cracks, which also
indicate the existence of some brittle behaviour (Figure 8). The cracks in radial direction correspond to
an intergranular failure mode, as a consequence of their propagation through the grain boundaries
by growth and coalescence of microcavities, as reported by Oforbe et al. in their investigation of a
9Cr ODS tested at temperatures above 300 °C [40]. These results point toward a slight effect of the Zr
content on the fracture appearance of the material. The non Zr-ODS shows a clear mix ductile-brittle
behaviour, while increasing the Zr content decreases substantially the appearance of brittle radial
cracks. The differences on the fracture samples also seem to indicate a slightly higher ductility for the
0.60Zr alloy, which is the SPSed sample with the highest Zr content.

Figure 8. SEM images of small punch specimens after the fracture at R.T., 300 and 500 °C: (a) ODS-NoZr,
(b) ODS-0.45Zr, (c) ODS-0.60Zr.

4. Conclusions

The effect of adding different Zr contents to a SPSed ODS steel on the microstructure and
mechanical properties has been investigated in this study. The main conclusions are summarised
as follows:

1. Zr can be effectively added as an elemental or oxide powder during the high-energy milling
process. In both cases, Zr nano-oxides are formed after SPS consolidation of the ODS steel with an
equivalent oxide number density. The oxide number density increases in an order of magnitude
with respect to the ODS without Zr.

2. The Zr content has a clear effect on the final bimodal microstructure. A higher Zr quantity leads
to the refinement of the microstructure and to the presence of larger regions formed by ultrafine
ferritic grains. Zr nano-oxides are not homogeneously dispersed in the matrix, promoting smaller
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grains in the regions with higher content of oxides. Thus, Zr nano-oxides are effective inhibitors
of the grain growth during recrystallisation.

3. The increase of the heating rate during SPS involves shorter sintering times and leads to
a microstructure with higher volumes of ultrafine grains, since the grain growth is a process
thermally activated depending on time. The heterogeneous distribution of plastic deformation and
alloying elements among powder particles, together with the different particle size distribution,
lead to an abnormal grain size evolution during SPS consolidation.

4.  Different combinations among Y, Al, Ti and Zr with oxygen are found in these ODS alloys.
The final percentage of Zr nano-oxides is enlarged with the increase of the Zr content in the
MA powders.

5. The average oxide size is refined by adding Zr from 12 nm diameter reached in the ODS without
Zr to near 6 nm in the ODS with 0.6 wt.% of Zr.

6.  Minor addition of Zr improves the mechanical behaviour of ferritic Al-containing ODS alloys at
all the temperatures tested. The analysis of the SP curves obtained during the tests, suggests that
the Zr nano-oxides dispersed within the matrix are acting as effective obstacles in pinning the
dislocations and impeding their motion. In addition, these Zr dispersoids also act as barriers for
the grain boundary movement. These phenomena, together with the existence of large regions
of ultrafine grains increasing the strength by a Hall-Petch effect, are contributing to withstand
considerable high loads during the SP tests.
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