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Abstract

Oxide dispersion strengthened (ODS) alloys, due to their high irradiation resistance and good
mechanical properties at high temperatures, are promising for applications in Generation 1V
reactors, especially GFR, and fusion installations. However, the biggest challenge in applying
ODS materials is related to fabrication techniques. This paper aims to evaluate powder
metallurgy processing and the effect of small additions of oxide and carbide-forming elements
on the microstructure and mechanical properties of FeCrAl-based ODS alloys. The series of
ODS alloys with Y203 and different additions of Ti and V was prepared by mechanical alloying
(MA) and consolidated by spark plasma sintering (SPS), which is less often employed to
fabricate ODS alloys than hot extrusion or hot isostatic pressing. The investigations were
performed on MAed powders, bulk-sintered samples, and samples after homogenization
annealing. The MAed powders reveal two body-centered cubic (bcc) alloyed phases with close
lattice parameters. The sintered samples show a single bcc phase (a =2.88-2.89 A) matrix and
a high-volume fraction of homogenously distributed nanometric oxide precipitates. The
addition of vanadium and titanium leads to the formation of vanadium and titanium-rich
nanometric oxides and carbides. The bulk samples show fine grain and stable microstructure
with an average grain size slightly below 1 um. Moreover, after homogenization annealing and
air cooling, the relative density slightly increases. Hardness after heat treatment is relatively
stable, which was confirmed by nanoindentation and Vickers microhardness results. These
experimental findings promise to develop FeCrAl-based ODS materials tailored for operation
under harsh conditions in nuclear reactors.
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1. Introduction

The nuclear power industry is a near-zero carbon dioxide emission energy source in fast
development, especially connected with the implementation of Generation IV nuclear reactors,
which present significantly better fuel efficiency, minimized proliferation risk, and higher
safety standards [1]. However, one of the biggest problems in these installations is that materials
should operate under extreme conditions, i.e., intensive radiation ( up to 150-200 dpa) and high
temperatures up to 1000°C [2]. Such environment requires structurally stable materials and
resistant to creep (thermo-mechanical loads) conditions. In this case, one of the solutions could
be the application of Fe-Cr-Al-based oxide dispersion strengthened (ODS) alloys, which show
great potential as materials for high-temperature nuclear applications, including under creep
conditions [3]. These materials could be applied for, e.g., Accident Tolerant Fuel (ATF)
claddings [4], or steam generator components in the next-generation super-critical water-cooled
reactor (according to the review by Rahman et al. [5] or studies by Isselin et al. [6]) and boiling
water reactors [7]. Moreover, FeCrAl ferritic alloys, with varying chromium and aluminum
contents, have also been extensively studied for nuclear components used in next-generation
reactors, e.g., GFR/HTR technology (hot gas ducts, heat removal elements) applications [2]. It
is due to their superior oxidation and corrosion resistance mainly driven by the passive alumina
(a-Al203) layer inherent to the bulk material formed during high-temperature operation [8].

Moreover, these ferritic alloys, having a bcc structure as opposed to the Ni-stabilized fcc
structure of austenitic Fe-based alloys, and thus exhibit better stress corrosion cracking (SCC)
resistance. [9] However, FeCrAl alloys have a limited long-term operating temperature
(~800°C) [10], which hinders their use due to the formation o (with high iron content) and o’
(with high chromium content) phases and so-called 475°C embrittlement effect [11]. It is worth
mentioning that compositions with less Cr should be less prone to thermal aging and
embrittlement. [11] Moreover, precise steering with Al addition also significantly affects the a-
o’ phase separation effect. [12] In addition, Al contributes to the stabilization of ferrite in alloys
with less than 12 wt. % of Cr [13] and improves oxidation resistance; however, yield strength
and creep resistance still require improvement. Therefore, a promising approach is the
modification of the microstructure and chemical composition of the FeCrAl alloy with oxide
particles and carbide-forming elements. Wang et al. [14] revealed the possibility of the
fabrication of FeCrAl ODS with Y203, Zr, and W additions, which show good mechanical
properties and homogenously distributed different nanometric oxides. Another recent study by
Yang et al. [15] showed the formation of different types of oxides in FeCrAl-Y»0s-Ti-Zr alloy,
which can improve the strength of the alloy. Massey et al. [16] found the appearance of (Y, Al,
O)-rich high-density nanoprecipitates of 2-4 nm in diameter in FeCrAl-ODS alloy.

In this paper, we continue our work [17] on FeCrAl-based alloys with additions of yttrium oxide
(Y2053), titanium, and vanadium up to 0.3 wt.%, 1 wt.%, and 0.5 wt.%, respectively. These
additions improve the properties thanks to the ability to form nanometric complex oxides and

carbides, e.g., according to Oksiuta et al. [18], the addition of vanadium could lead to an
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increase in hardness due to nanoprecipitates rich in vanadium. Moreover, such composed
microstructure of FeCrAl ODS alloys is characterized by fine bcc grains and homogeneously
distributed nanometric oxides, hindering grain boundary migration and pinning dislocations
reducing their motions at high-temperature conditions [19]. Nanoprecipitates can act as sinks
for point defects generated during radiation exposure [20] and prevent thermal aging
embrittlement [21]. So far, ODS Fe-Cr alloys have been studied with many promising results,
e.g., Frelek-Kozak et al. [22], who studied ODS alloy with 12% Cr, revealed the possibility of
obtaining material that shows good ion irradiation resistance and consists of fine matrix and
homogenously distributed nanoprecipitates, while Zhang et al. [23] showed promising results
of Fe-14Cr-0.4Ti-0.25Y,03 ferritic ODS alloy. It should be noted that the type of oxide in
ODS alloys has an important effect on irradiation resistance [24].

However, FeCrAl-based ODS modified with yttria, titanium, and vanadium are less studied,
particularly regarding the impact of manufacturing methods and appropriate selection of heat
treatment processes. The most common manufacturing technique for ODS alloys is powder
metallurgy, involving mechanical alloying (MA) and consolidation with hot isostatic pressing
(HIP) [25], hot extrusion (HE) [26], or spark plasma sintering (SPS), e.g., studies by Garcia-
Rodriguez et al. [27] or investigations by Macia et al. [28]. The mechanical alloying process
offers advantages such as extended solubility of elements, absence of element segregation, and
compatibility with alloys containing elements with significantly different melting temperatures
[29]. Notably, mechanical alloying yields fine-grained structures that also positively impact the
mechanical properties of the bulk material [30]. As mentioned, methods such as HIP (e.g., [31])
and HE (e.g., [32]) are commonly known for bulk ODS alloys production, while SPS is still an
emerging technique. which can produce microstructures with equiaxed grains and minimal
texture [33]. Furthermore, short heating times in SPS enable nearly full densification and the
formation of complex nano-sized oxides, thus preventing coarse microstructure and excessive
grain growth [23]. However, diffusion during short-time SPS sintering is limited, underscoring
the importance of chemical homogeneity achieved during mechanical alloying [22]. Thus, post-
sintering thermal processing, such as homogenization annealing, might also impact the
properties of ODS alloys. This paper investigates the feasibility of manufacturing FeCrAl-based
ODS alloys enriched with Y203, Ti, and V using SPS consolidation and controlled heat
treatment (homogenization annealing).

The study primarily focuses on the role of Y203 oxide particles and Ti and V addition on
microstructure homogeneity and hardness of the FeCrAl-based ODS alloys after annealing at
1020°C. Although still in the preliminary research stage, the study has yet yielded promising
results, prompting authors to present initial characterization and findings.

2. Materials and methods
2.1.Materials and processing techniques

In this study, eight compositions of FeCrAl ODS alloys are selected (Table 1). Iron is the base
element in all studied alloys. The content of Al is fixed at 5%, while the content of Y203 is
fixed at 0.3% in all investigated samples. Al is supposed to improve oxidation resistance by
forming a protective layer on the surface. Y203 oxide is selected as a strengthening phase
because it shows a high melting point, high chemical stability, and low solubility in the metal
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matrix. The amount of Y203 was selected based on the literature data. The content of Cr, which
is a ferrite stabilizer, is either 9 or 12%. Slight differences in Cr or Al could significantly impact
“475°C embrittlement” related to the alpha and alpha prime separation. S. Kobayashi etal. [11],
who studied FeCrAl alloys with different Cr and Al contents, found out that the addition of Al
can suppress the “475°C embrittlement” in the FeCrAl alloys containing more than 12% of Cr.
The studies of FeCrAl alloys by W. Han et al. [12] revealed that appropriately balancing Cr and
Al content can limit “475°C embrittlement”. The authors plan to investigate resistance to
“475°C embrittlement” in detail later. The content of Ti is either 0.5 or 1%. The small addition
of Ti can improve the corrosion resistance of the alloys, which will be studied later in detail.
Moreover, the high affinity of Ti towards oxygen could lead to the formation of nanometric
oxide precipitates. A small amount of V (0.5%) is added to selected samples. Vanadium could
also form nanometric oxide precipitates, and its high affinity to carbon could result in carbide
formation. Therefore, the additions of Ti and V could improve the mechanical properties of the
FeCrAl ODS alloys.

Table 1. Chemical composition of FeCrAl-Y.03-Ti-V ODS alloys selected for mechanical
alloying and spark plasma sintering.

Sample Chemical composition [wt.%0]

Fe Cr Al Y203 Ti \
M1 Bal. 9 5 0.3 0.5
M2 Bal. 9 5 0.3 1.0
M3 Bal. 12 5 0.3 0.5
M4 Bal. 12 5 0.3 1.0
M5 Bal. 9 5 0.3 0.5 0.5
M6 Bal. 9 5 0.3 1.0 0.5
M7 Bal. 12 5 0.3 0.5 0.5
M8 Bal. 12 5 0.3 1.0 0.5

2.2. Processing techniques

The purity and particle size of commercially purchased powders from Alfa Aesar are listed in
Table 2. The mechanical alloying (MA) was carried out in a Retsch PM100 planetary ball mill.
All powder processing procedures before MA were conducted in a glove box under an argon
atmosphere. Each milling batch produces about 50 g of powder. The balls and grinding jar
material was X90CrMoV 18 martensitic stainless steel, and the balls-to-powder ratio was 5:1.
The mechanical alloying duration was 50 hours with 250 rpm, and a 15-minute break was
applied after every 15 minutes to maintain mechanical alloying close to RT. The MA procedure
was performed without the addition of a process control agent. Next, the mechanically alloyed
powders were consolidated using the SPS technique in a device designed by the Lukasiewicz
Institute of Microelectronics and Photonics. The SPS process was conducted in a graphite round
die with a diameter of 25 mm with a heating rate of 100°C/min up to 900°C; then, the heating
rate was lowered to 50°C/min until reaching the sintering temperature of 1050°C. The sintering
temperature and uniaxial pressure of 40 MPa were kept for 10 minutes. Then, the samples were
slowly cooled down (average cooling rate of 10°C/min). Then, the first campaign of bulk
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materials investigation was realized, and subsequently, the bulk samples were heat treated at
1020°C for 30 min in a Nabertherm furnace under an argon atmosphere and cooled down in air.

Table 2. Purity and particle size of commercial powders used for FeCrAl-Y,03-Ti-V ODS
manufacturing.

Component | Fe Cr Al Y203 Ti V
Purity 99.9% 99.99% metal | 99.5% 99.9%, total | 99.8% 99.5%
metal basis, | basis, metal rare earth metal basis, | metal basis,
basis oxide 0.1%
C<0.2%, C <10 ppm, max. C = | C<0.034%
0.086%, O
0<0.4% 0 <160 ppm = 0.694% 0<0.035%
Particle size | <20 pm <150 pm <30pm | <10pum <70 pm <40 pm

2.3. Characterization techniques

The mechanically alloyed powders were studied by scanning electron microscopy (SEM) using
a Zeiss EVO MA10 device equipped with an energy-dispersive X-ray spectroscopy (EDS)
detector. Moreover, the phase investigation of the powders was carried out using the X-ray
diffraction (XRD) technique. The XRD patterns were collected using a Bruker D8 Advance
diffractometer. The density of bulk samples after sintering and after annealing was measured
according to Archimedes' principle. Before the measurements, samples were polished using SiC
abrasive papers (approximately 0.5 mm) to limit the effect of surface contamination by carbon
from graphite die or oxidizing during heat treatment. The density measurements were
performed by weighing the samples in air and distilled water at 23°C. The measured densities
were then compared with the theoretical densities calculated based on the rule of mixtures using
pure elements densities. The SEM-EDS and electron backscatter diffraction (EBSD) analyses
of bulk samples were conducted using a ThermoFisher Scientific™ Helios™ 5 UX Scanning
Electron Microscope equipped with an EDAX Elite Super Detector EDS system. The sample
preparation for SEM-EDS and EBSD consisted of cutting slices of material from the central
part of bulk samples and mechanical polishing using up to P1200 grit SiC abrasive papers.
Subsequently, the samples were electropolished using a Struers Lectropol system with the
following procedure: 60% perchloric acid 70 ml + ethanol 1000 ml, duration: 50 s, temperature:
10°C, voltage: 30 V. The grain analysis of the collected EBSD data was conducted by EDAX
OIM Analysis 8 software. The sample preparation for the TEM and STEM-EDS analyses was
carried out by focused ion beam (FIB) technique using a ThermoFisher Scientific™ Helios™
5 UX. The TEM/STEM-EDS investigations were performed using a JEOL JEM 1200EX Il
TEM operating at 120 kV and a JEOL F200 operating at 200 kV equipped with two EDS
detectors, allowing chemical composition investigations of nanometric precipitates. Based on
STEM and TEM images, the size distribution and particle volume fraction analysis were
realized using ImageJ software. The total area of images used for the calculations was
approximately 5 pm?. The sintered samples' carbon and oxygen content measurements were
performed using CS-600 LECO and TCHENG600 LECO analyzers. The X-ray diffraction
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(XRD) technique was used to investigate the phase structure of the prepared bulk samples. The
diffraction patterns of bulk samples were acquired using a Bruker D8 Advance diffractometer
with a Cu anode powered by 40 kV and 40 mA. The data was analyzed using a Bruker
DIFFRAC.EVA (database ICDD PDF4+ 2022 [34]) and a DIFFRAC.TOPAS software. The
Vickers microhardness measurements were conducted using a DuraVision hardness tester by
Zwick/Roell under a load of 4.90 N. For each sample, ten measurements were performed after
SPS and homogenization annealing. The nanoindentation measurements were carried out using
a NanoTest Vantage System by Micro Materials Ltd. at ambient temperature with a Berkovich-
shaped diamond indenter tip. The nanoindentation tests were conducted in a single-force mode
by applying 11 different forces ranging from 0.5 mN to 10 mN. The measurements were
repeated at each load 20 times with a 20 um spacing between indents. Dwell time was fixed at
2 s. Loading and unloading time were set at 5 s and 3 s for lower loads (0.5-4 mN) and 10 s and
5s, respectively, for higher loads (5-10 mN). The nanoindentation data was analyzed based on
the load-displacement curves applying the Oliver and Pharr method [35].

3. Results and Discussion
3.1.Results of powder preparation and mechanical alloying

The SEM imaging of mechanically alloyed powders realized for samples M1-M8 demonstrates
flattened particles with irregular shapes and rough surfaces, as illustrated in Figure 1. The
morphological characteristics of the powders remain consistent between all studied chemical
compositions. Particle size was also analyzed using SEM images, revealing a wide range of
size distribution in all of the samples. Among these, fine particles with a diameter of a few
micrometers coexist with agglomerates with size of more than 150 um. However, the majority
of particles are around 50 pm in size.

Fig. 1. SEM secondary electron images of selected mechanically alloyed powders acquired
using the working distance of 10 mm and accelerating voltage of 20 kV: a) M1 sample and b)
M6 sample.

Figure 2 presents SEM-EDS selected point analyses of the FeCrAl-Y;0s-Ti-V ODS powders'
chemical composition, indicating the presence of all constituent elements within the
mechanically alloyed powders. These outcomes affirm the appropriateness of the selected
milling parameters in producing uniform powder particles during mechanical alloying.
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Furthermore, no pure particles were found in the ground powders. It is also significant that no
isolated Y203 particles are present; therefore, it can be expected that the oxide particles are
dispersed uniformly within the grains and will be homogeneously distributed in the material
after the consolidation process. The uniform distribution of nanometric precipitates is crucial
for irradiation resistance. Thus, these precipitates act as sinks for irradiation-induced defects.
The irradiation resistance will be studied in detail later.

. a ® .
2 4 6 8§ 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
‘ keV keV
] 5
o PSO. A Fe P9 A Fe
i VYV Cr 4 A V Cr
. B Al \ B Al
% @y |24 2%
% 6 z A
5 1A T | 52 & Ti
4 | O & O
14 |
2 A A
rl | M
0;'\ ~‘L'.ﬂ‘"< ',"” “:" J\ . . u 0 i dl i .
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
keV keV

Fig. 2. SEM-EDS chemical composition analysis of FeCrAl-Y,03-Ti-V ODS FeCrAl ODS
powders after mechanical alloying performed at the working distance of 10 mm and
accelerating voltage of 20 kV: a) M2 and b) M3 sample.

The XRD results, shown in Fig. 3, reveal two bcc phases in all samples after mechanical
alloying. It should be noted that the XRD patterns were acquired from 15° to 145° of 2Theta.
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However, between 15° and 35°, the background noise that originates mainly from the scattering
of X-rays on air is more intense; therefore, the results for these angles are not shown after
ensuring that no peaks are present between 15° and 35° of 2Theta. The lattice parameter of the
bcel phase is between 2.866 and 2.869 A, which is close to the lattice parameter of pure Fe (a
= 2.866 A). The lattice parameter of the bcc2 phase is between 2.889 and 2.891 A, which is
close to the lattice parameter of pure Cr (a = 2.885 A). Most studies of the Fe-Cr-Al systems
report the formation of the bcc phase, i.e., S. Xu et al. [31] found a single bcc matrix phase in
ODS samples with 9% of Cr and containing Al in the amount between 0.4 and 4.5%; C. Chen
et al. [30] revealed the formation of a single bcc matrix phase in Fe—20Cr-5.5Al-0.5Ti—
0.5Y203 ODS alloy prepared by powder metallurgy. Moreover, the phase diagram of the Fe-
Cr-Al system predicts the formation of a single bcc phase, although it should be noted that the
mechanical alloying is not an equilibrium process. However, the differences between the two
phases are minor and thus related to the slight differences in chemical composition due to
incomplete homogenization during mechanical alloying. The addition of Ti and V alloying
elements does not seem to impact the formation of solid solution phases during mechanical
alloying. It could be because the additions of these elements are minor, and thus, both
components could easily dissolve in the primary bcc solid solutions. The volume fraction of
Y203 and other oxides formed during mechanical alloying is too small to be detected by the
XRD technique due to the limited sensitivity of this method. Crystallite size decreases
significantly during mechanical alloying from 74 nm in pure Fe powder to 10-30 nm in the bcc
phases in the powder after mechanical alloying.
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Fig. 3. XRD patterns of mechanically alloyed powders of FeCrAl-Y20s-Ti-V ODS (samples
M1-M8).

3.2. Bulk samples characterization — as-sintered and annealed

The results of density measurements using the Archimedes method reveal good densification
of the material after SPS, i.e., the relative density between 95.5 and 96.1%, except the M1
sample, which shows slightly lower density (Fig. 4). The SPS method allows good densification
of different metallic materials [36]. The density is comparable to the samples prepared in other

8



studies about ODS alloys, e.g., 97% investigated by Q.X. Sun et al. [37] or 96.3% relative
density obtained by A. Mori et al. [38] in some samples, but it still seem lower than the densities
(above 98%) presented in papers by M. Frelek-Kozak et al. [24] and N. Garcia-Rodriguez et al.
[27]. According to the literature, the relative density often increases rapidly with increasing
sintering temperature [23]. However, it should be noted that the theoretical density values in
this paper were calculated based on the density of pure elements using the rule of mixtures.
Therefore, these theoretical calculations only account for 0.3% of Y203 without accounting for
oxides that form during the mechanical alloying and sintering. The powder metallurgy
processing often leads to oxygen contamination and the formation of additional oxides. The
measured oxygen content in the investigated samples is quite high, e.g., 0.44 wt.% in the M4
sample or 0.42 wt.% in the M8 sample. The oxides, having a lower density than the bcc ferritic
matrix phase, significantly impact the final density of the material. Moreover, the presence of
carbide could also decrease the density. Carbon contamination was found in all samples, which
is common for powder metallurgy-prepared samples. For example, the carbon content in the
M8 sample is 0.078 wt.%. Therefore, the relative densities presented in this paper should be
considered instead of absolute value rather as an indication to compare density among samples
and could be used to compare the density after homogenization annealing. Moreover, it should
be noted that the SEM observations do not show significant porosity, cracks, or structure
discontinuities. The visible pores are small and homogeneously distributed. Therefore, the
present porosity, which is difficult to avoid in the powder metallurgy manufactured samples,
will have a relatively limited impact on mechanical properties. The homogenization annealing
leads to a slight increase of relative density in all produced bulk samples (Fig. 4) by decreasing
the porosity. The relative density increase is more pronounced in the M1-M4 samples, which
are vanadium-free samples. The increase in the relative density is less visible in vanadium-
containing samples (M5-MB8). It could be due to the formation of additional vanadium-rich
oxides and, eventually, carbides during homogenization annealing from the vanadium dissolved
in the ferritic matrix. These precipitates can present lower density than the bcc matrix, and
therefore, they can decrease overall density.
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Fig. 4. Density of FeCrAl-Y;0s-Ti-V ODS bulk samples M1-M8 after SPS and
homogenization annealing.



The XRD results of the bulk samples after SPS reveal a single-phase bcc structure (ferrite type,
iron-based solid solution) in all investigated samples (Fig. 5). It is in agreement with most
studies of FeCrAl alloys , e.g., FeCrAl ODS alloys with different Al content studied by S. Xu
et al. [31] or FeCrAl ODS alloys with the addition of Ti investigated by C. Chen et al. [30]. It
should be noted that the XRD patterns were acquired from 10° to 145° of 2Theta. However,
between 10° and 35°, similarly, as for the powder samples, the background noise that originates
mainly from the scattering of X-rays on air is more intense; therefore, the results for these angles
are not shown after ensuring that no peaks are present between 10° and 35° of 2Theta. The
lattice parameter of the bcc phases in the bulk samples is between 2.884 and 2.891 A, which is
closer to the bcc2 phase in mechanically alloyed powders and close to pure chromium. It shows
a good homogenization of the bulk samples compared to the mechanically alloyed powders,
which present two bcc phases with similar lattice parameters. The additions of alloying
elements and their amounts seem not to have a significant impact on the lattice parameter. The
crystallite size increases during consolidation from 10-30 nm in mechanically alloyed powder
to above 100 nm in bulk samples. The peaks of oxides and carbides, which are undoubtedly
present in the material, are not visible due to the low volume fraction and small size (mostly
nanometric size) of these precipitates.
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Fig. 5. XRD patterns of FeCrAl-Y»0s-Ti-V ODS bulk samples after SPS (samples M1-M8).

SEM microstructural observations (Fig. 6) confirm that the SPS consolidation at 1050°C of the
mechanically alloyed powder led to high-density bulk samples. Nevertheless, some pores are
present in bulk samples, which was confirmed by the observations realized with secondary
electron mode (not shown here), which is typical for powder metallurgy materials prepared via
sintering. The microstructure of FeCrAl-Y.03-Ti-V ODS alloys is composed mainly of
different size a-ferrite grains from sub-micrometric size to a few micrometer size (Figures 6a
and 6b). Apart the matrix ferrite grains and large precipitates of size up to 1 um, homogeneously
distributed nanoprecipitates are also visible. These precipitates also appear at the grain
boundaries as chains and local aggregations. Microstructural observations of the samples after
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annealing indicate that annealing at 1020°C does not significantly affect the structural and grain
size changes in FeCrAI-ODS alloys. After the annealing process, a slightly higher amount of
chain-like precipitates at grain boundaries and precipitates in the ferrite grains are visible,
indicating precipitation effects during the annealing and air cooling.

Fig. 6. SEM backscattered electron observations (performed using the working distance of
4 mm and accelerating voltage of 20 kV) of FeCrAl-Y20s3-Ti-V ODS bulk samples
microstructure after SPS at 1050°C, the pressure of 40 MPa for 10 minutes and annealing at
1020°C for 30 min and air cooled; a) sample M4 after consolidation by SPS, b) sample M8 after
consolidation by SPS, c) sample M4 after annealing, d) sample M8 after annealing.

EBSD observations, shown in Figure 7, confirm that, in addition to large micrometric a-ferrite
grains, there are also areas in the FeCrAl ODS material where very fine submicron a-ferrite
grains are accumulated. It is in agreement with the SEM observations (Figure 6). Inverse pole
EBSD maps and grain size histograms indicate that SPS of MA powder-based ODS alloys at
1050°C resulted in the formation of randomly oriented grains and a bimodal grain size
distribution, which is commonly known effect observed in SPS sintered ODS alloys observed
by other researchers. E. Macia et al. [28] found bimodal grain size distribution (many grains of
the size of approximately 300 nm and many grains of a few micrometers) in ODS samples
containing oxide formers (Y, Ti, Al, Zr) prepared by mechanical alloying and SPS. H. Zhang
et al. [23] obtained bimodal grain size distribution (many grains <500 nm and many grains 1—
20 pm) in Fe-14Cr-0.4Ti + 0.25Y 203 alloy fabricated by mechanical alloying and consolidated
by SPS. A. Garcia-Junceda et al. [33], who studied Fe-14Cr-5Al-3W-0.4Ti-0.25Y203 with
different additions of Zr prepared by mechanical alloying and spark plasma sintering, revealed
a bimodal grain size distribution with grains of few hundreds of nanometers and grains with
11
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Fig. 7. EBSD results (acquired at the accelerating voltage of 15 kV using the working distance
of approximately 10 mm with the sample tilted to 70°) of FeCrAl-ODS bulk samples after SPS
and annealing at 1020°C for 30 min followed by air cooling: a) inverse pole figure map with
the grain size distribution of sample M4 after SPS, b) inverse pole figure map with the grain
size distribution of sample M8 after SPS, c) inverse pole figure map with the grain size
distribution of sample M4 after annealing, d) inverse pole figure map with the grain size
distribution of sample M8 after annealing.
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few hundreds of micrometers. The bimodal grain size distribution in this study revealed by
EBSD observations is essentially the result of uneven stress distribution in the grains during the
mechanical alloying process and the fast non-equilibrium sintering process. In addition, this
microstructure is also attributed to effects related to the formation of larger ferrite grains
through grain growth in regions of lower nanoparticle density and inhomogeneity of their initial
distribution, in which large grains capture adjacent smaller grains with higher energy. The
EBSD analysis of the FeCrAl-Y>0s-Ti-V ODS alloys also made it possible to compare the grain
size of the samples after SPS with the samples after the annealing process. Observations and
analysis of average grain size histograms show that the annealing processes did not significantly
change the grain size of FeCrAl ODS alloys. All grain sizes in the tested samples are in a similar
range, as shown in Table 3.

Table 3. Average grain size estimated after SPS process and after annealing at 1020°C/30 min.

Average grain size after SPS | Average grain size after SPS
Sample i
[um] and annealing [um]
M1 0.53 0.75
M2 0.52 0.57
M3 0.51 0.54
M4 0.76 0.54
M5 0.62 0.61
M6 0.46 0.55
M7 0.65 0.64
M8 0.59 0.60

Interesting results of microstructure evaluation of FeCrAl-Y,0s-Ti-V ODS alloys were
provided by SEM-EDS chemical composition mapping results for Fe, Cr, Ti, V, Y, and O,
shown in Figure 8. The occurrence of micro- and nanoprecipitates indicated by SEM
observations was well confirmed. As shown on the SEM-EDS maps, the dominant phase in the
microstructure of the studied alloys is chromium-rich ferrite (a-Fe(Cr)). The maps also reveal
nanoprecipitates and their arrangement at the grain boundaries. The SEM-EDS (Y-Ti-Al-O)
maps in Figure 8 also show that zones enriched in Y, Ti, Al, and O are homogeneously dispersed
in the FeCrAl ODS steel matrix. Qualitatively, Y, Ti, Al, and O enrichment areas coincided
with Fe and Cr depletion areas. EDS maps show the presence of distinct (Y, Ti, O)-enriched
clusters and (Y, Al, O)-enriched clusters. Although the vanadium is not visible in the EDS
maps, its contribution will be confirmed in further studies by TEM-EDS. SEM-EDS maps also
clearly revealed Al>Os particles with significantly high Al and O content. It confirms that Al
addition in the 2-6% range reacts with oxygen and tends to form aluminum oxides, which might
significantly improve corrosion resistance in liquid metals and oxidation resistance of FeCrAl-
based ODS alloys (according to the studies of A. Kimura et al. [39] in supercritical water and
lead-bismuth eutectics, or according to the investigations of S. Takaya et al. [40] in lead-
bismuth eutectics) and alumina forming austenitic steel [41]. The corrosion resistance of the
investigated materials will be studied later. However, it is also known that Al addition could
reduce the strength of ODS materials at high temperatures due to the formation of coarse-
grained YsAl209 (YAM), Y3AIs012 (YAG), and Al2Os3 particles. It also affects the thermal
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aging embrittlement associated with ferritic alloys with high Cr content (>12%), as mentioned
in the literature [21]. Ultimately, nanosized carbides and oxides in the matrix of ODS alloys
may impede grain boundary migration, inhibiting grain growth of the matrix phase during creep
and radiation operation. A. Meza et al. [3] studied 14Cr-5AI-3W with the addition of Zr and
Ti and found exceptional creep resistance due to the presence of nanometric precipitates. Y. Li
et al. [42] studied ODS alloys with 12% Cr and revealed that the fabrication conditions have a
significant impact on the creep behavior; nevertheless, the presence of nanometric precipitates
improves properties. M. Dash et al. [43] showed that the 18Cr alloy with nanometric oxide
precipitates presents better creep resistance than 18Cr alloy without these precipitates and that
the nanometric precipitates could limit grain growth at high temperatures. The authors wish to
investigate behavior at high temperatures in later experiments related to heat treatment, aging
processes, high-temperature corrosion, and creep tests of studied ODS alloys. Moreover, the
irradiation experiments will be planned to evaluate the behavior of the ODS alloys.

Fig. 8. SEM-EDS maps acquired using the accelerating voltage of 15 kV and the working
distance of 4 mm of FeCrAl-Y.03-Ti-V ODS alloys after SPS revealing the presence of
different types of oxides: a) M3 sample and b) M6 sample.

The TEM and STEM results (Fig. 9) show sub-micrometer fine grains and some larger
micrometric grains of the bcc matrix phase. It agrees with SEM and EBSD analyses of the bulk
samples after consolidation by SPS and homogenization annealing at 1020°C for 30 minutes.
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A considerable variation in grain size is typical for the powder metallurgy-prepared samples,
especially those prepared with SPS by H. Zhang et al. [23] (small grains below 500 nm and
large grains between 1 and 20 um), E. Macia et al. [28] (grains from a few hundred nanometers
to a few dozen micrometers), and X. Boulnat et al. [44] (grains from 50 nm to approximately
1 um for the SPS at 850°C, and grains from a few hundred nanometers to 20-25 um for the SPS
at 1050°C and 1150°C), and even the homogenization annealing did not result in significant
changes in the grain size. The high magnification TEM/STEM observations reveal a high
volume fraction of nanometric precipitates (up to 100 nm) in all investigated samples, i.e., up
to 2.57% in the M8 sample after SPS and up to 2.64% in the M8 sample after homogenization
annealing. The nanometric precipitates are homogeneously distributed in the matrix bcc phase.
A slightly higher volume fraction of precipitates after annealing could be the effect of
precipitation during heat treatment. Most nanometric precipitates are located inside the grains
of the matrix bcc phase (intra-granular precipitates). These high-density precipitates can
improve mechanical strength without increasing brittleness and can increase the material’s
thermal stability. The increase in strength and thermal stability due to nanometric precipitates
was revealed by studies of the Fe-18Cr-2W-0.25Ti-0.1C-0.35Y,03 ODS ferritic steels by M.
Dash et al. [43]. X. Boulnat et al. [44] revealed that nanometric precipitates pin grain
boundaries, preventing grain growth and, therefore, improving the mechanical properties and
thermal stability of the alloy. Moreover, nano-precipitates can act as sinks for irradiation-
induced defects during the operation of nuclear reactors. Z. Ding et al. [20], who studied ODS
alloys under irradiation, showed that the alloy with a higher density of nanometric oxides
presents smaller hardening under irradiation. It confirms that these precipitates could act as
sinks for defects. C. Heintze et al. [45], who studied Eurofer97 without oxide precipitates and
Eurofer ODS under Fe and He irradiation, revealed that the increase of hardness after irradiation
in ODS material is less pronounced than in nanometric dispersion-free material. Thus, it shows
that nanometric precipitates could improve irradiation resistance. Moreover, oxide precipitates,
due to the high interface surface area between them and ferrite, could reduce void swelling
phenomena by trapping and managing helium atoms [46]. Therefore, nanometric particles are
beneficial not only in improving mechanical properties but also in a significant increase in the
irradiation resistance of FeCrAl-Y.0s3-Ti-V ODS alloys applied in nuclear conditions.
However, the precipitates at the grain boundaries (inter-granular precipitates) are also present
in the studied samples. These inter-granular particles seem to be larger than the intra-granular
precipitates. Some of their sizes are more than 100 nm. In Fig. 9b, a large inter-granular particle
is identified as Y20z3. Larger precipitates are not desired in engineering materials due to their
role in increasing brittleness, although they are difficult to avoid in powder metallurgy
processing.
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Fig. 9. TEM/STEM images of FeCrAl-Y203-Ti-V ODS microstructure showing nanometric
precipitates (some of them highlighted in red): a) TEM bright image of the M4 sample after
SPS, b) TEM bright image of the M8 sample after SPS, ¢c) STEM image of the M4 sample after
SPS, d) STEM image of the M8 sample after SPS, e) TEM bright field image of M4 sample
after annealing, and f) under-focused TEM bright field image of the M8 sample after annealing.

The results of measurements of nanometric precipitate size (<100 nm) based on multiple TEM
and STEM images reveal that most particles are in size between 20 and 50 nm. The histograms
of precipitate size in the M8 sample after SPS and after annealing are shown in Fig. 10. It seems
that the variation of the chemical composition in investigated samples does not significantly
impact the size distribution of oxide and carbide precipitates. The size between 20 and 50 nm
is expected to be optimal to increase irradiation resistance and improve mechanical resistance
without causing significant brittleness. It should be noted that no increase in the size of
precipitates was found after annealing.

Frequency (%)
Frequency (%)

20 30 40 50 60 70 80 90 100 20 30 40 50 60 70 80 90 100

Diameter of precipitates (nm) Diameter of precipitates (nm)

Fig. 10. Size distribution of nanometric precipitates (<100 nm) in the M8 sample: a) after SPS,
b) after annealing at 1020°C for 30 minutes.
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The conducted STEM-EDS analyses (Fig. 11) enable a better characterization of the chemical
composition of nanometric precipitates, which is impossible using SEM-EDS due to the very
limited resolution of this technique. Determining the composition of nanometric precipitates is
crucial in the investigation of ODS materials and has been studied in many other papers. In
most ODS alloys, different types of nanometric particles are present, e.g., Y-AI-O oxides in the
studies by S. Xu et al. [31], Y203 and MnO in the investigations by A. Mori et al. [38], Y-Ti—
O (mainly Y2Ti20y) in the paper by H. Zhang et al. [23], and Y-Ti-O, Ti-O, Ti-V-O, Cr-V-O in
the studies by Z. Oksiuta et al. [18]. The selected area electron diffraction (SAED) is also very
limited in characterizing the crystallographic structure of precipitates due to their small size. In
this study, the SAED was conducted only on the largest particles (size of a few hundred
micrometers). The SAED patterns (not shown here) reveal that the largest precipitates are Y20s;
however, they are rarely distributed, and only two or three such particles were found in each
FIB lamella.

The STEM-EDS results show that the most precipitates are significantly enriched in Al. Some
regions enriched in Al coincide with zones enriched in Y, which can suggest the formation of
complex Al-Y-O oxides. These types of oxides are commonly found in ODS materials. J. Wang
et al. [19], who studied 9Cr-3Al-ODS alloys with the addition of Zr prepared by mechanical
alloying and hot isostatic pressing, found the presence of Al-Y-0O, i.e., Y4Al209 and Y3Als012
with the average size between 9 and 17 nm. N. Garcia-Rodriguez et al. [27], who studied
different compositions of FeCrAl ODS alloys with the additions of Y203, Ti, and W, found the
formation of several nanometric Y-AI-O precipitates in mechanically alloyed and SPSed
samples. These precipitates were identified as Y2Al40g, YAIO3, and Y2AlsO12. S. Xu et al. [31],
who studied FeCrAl ODS alloys prepared by mechanical alloying and consolidated by hot
isostatic pressing, found two types of YAIOs3, one with a hexagonal structure and the other with
an orthorhombic structure. Both oxides present the nanometric size between a few nanometers
and 40 nm. M. Gong et al. [47], who studied 14Cr-ODS alloys with the addition of Al, Ti, W,
and Y203, found Y-AIl-O-rich precipitates in size between 10 and 70 nm. The analyses also
reveal regions enriched in Ti-Y-O, evident in the M4 sample (Fig. 11a). In other studies of ODS
alloys, these oxides are also commonly found, e.g., fine Y-Ti-O with less than 30 nm in 14Cr-
Ti-ODS steel in the article by M. Gong et al. [47]; Y-Ti-O precipitates in the study of their
evolution by S. Oh et al. [48], Y2Ti.O7 nanoparticles in the investigations by K. Hong et al.
[49], very small clusters of 3-5 nm of Y-Ti-O in the studies by D. Larson et al. [50]. According
to investigations in the literature by TEM and atom probe tomography (APT), which is a more
powerful tool in terms of chemical composition analysis, the small Ti-Y-O regions could be
Y2TiO7 pyrochlore phase showing face-centered cubic phase, and the bigger Ti-Y-O regions
could be Y2TiOs [51]. Larger precipitates containing Ti without Y can also be found (Fig. 11a).
These larger precipitates seem to be significantly enriched in C, suggesting the formation of
titanium-rich carbides. Ti-rich carbide precipitates are rarely present in other papers about ODS
alloys, e.g., Ti-rich MC-type carbides in additively manufactured ODS alloys found by J. Lopez
et al. [52] or Ti/Nb-rich carbides at grain boundaries of additively manufactured alloy by T.
Smith et al. [53]. In the samples with the addition of vanadium, vanadium-rich precipitates can
also be found (Fig. 11b). The vanadium-rich areas coincide with the region rich in titanium and
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zones rich either in oxygen or carbon. Therefore, it suggests the formation of vanadium-
titanium-rich oxides and carbides. It should be noted that no precipitates enriched in Cr are
found in the investigated samples. However, in many papers exploring ODS materials, Cr-rich
precipitates are spotted, e.g., M. Auger et al. [54] found Cr.Oz precipitates at the grain
boundaries in ODS alloy produced by powder metallurgy, in another work by M. Auger et al.
[55] found Cr-rich precipitates (mostly Cr203) in size between 60 and 300 nm, L. Kurpaska et
al. [56] observed Cr-O-V and Cr-C-V nanometric precipitates.

20 —Z00m |

Fig. 11. STEM-EDS analyses of FeCrAl-Y20s-Ti-V ODS revealing different types of
nanometric precipitates: a) M4 sample after SPS, b) M8 samples after SPS.

18



3.3.Hardness measurements and nanoindentation results

The Vickers microhardness (HV0.5) results (Fig. 12) reveal the microhardness between 267
and 376 HVO0.5. The content of chromium and minor alloying elements (Ti and V) have no
visible effect on the microhardness of samples in an as-sintered state (SPS). The composition
differences among samples seem too small, i.e., 9-12% of Cr, 0.5-1% of Ti, and 0-0.5% of V,
to establish a firm relation between the composition and mechanical properties in an as-sintered
state. However, the influence of alloying elements is better visible after homogenization
annealing at 1020°C for 30 min. The hardness of the samples without the addition of vanadium
(except for the M4 sample) decreases slightly after annealing. It is probably the effect of the
slight increase of the grain size (confirmed by EBSD analyses), although the relative density
increases slightly after annealing (Fig. 4). The hardness of samples containing 0.5% vanadium
(M5-M8) increases after annealing. It could be the effect of the formation of additional
vanadium-rich precipitates during heat treatment. TEM analyses reveal a slightly higher volume
fraction of precipitates after annealing. Nevertheless, it should be noted that the hardness
increase is minimal. Even though the impact of the differences in chemical composition is not
very visible at this stage of investigations, the effects are expected to be better visible after
different annealing campaigns, which are planned for future experiments with these produced
ODS materials. The chromium content (either 9 or 12%) could have a critical impact on “475°C
embrittlement” related to phases separation to o and o’, Fe-rich and Cr-rich [57]. The addition
of alloying elements (Ti and V) could be crucial in forming precipitates during long-time
annealing (e.g., >1000 h), which can have a substantial impact on the thermal stability of the
material or creep resistance. Nevertheless, the hardness of the investigated samples is
comparable to many other ODS alloys prepared by powder metallurgy, e.g., FeCrAl ODS alloy
with 7% Al prepared by mechanical alloying and hot extrusion reveals the hardness of 325 HV>
[58], FeCrAl ODS alloys fabricated by mechanical alloying and hot isostatic pressing show the
hardness of 305 HV1 [30], or 9Cr-1Mo ferritic-martensitic ODS steel prepared by mechanical
alloying, hot isostatic pressing, and hot rolling reveals hardness of about 320 HV [59].
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Fig. 12. Vickers microhardness results of the FeCrAl-Y»03-Ti-V ODS samples after SPS and
annealing at 1020°C/30 min.
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The nanoindentation experiments allow the determination of the hardness and reduced Young’s
modulus of the investigated ODS materials (Fig. 13). The results show that the hardness of SPS
samples decreases with increasing load (a deeper contact depth). It is a commonly observed
relation known as the indentation size effect (ISE) [60]. However, the hardness of the annealed
samples is almost stable, and the ISE is not visible. The hardness of the M4 sample (Fig. 13a)
after annealing (4.01+£0.22 GPa) is slightly higher than the hardness after SPS (3.78+0.34 GPa)
for the highest contact depth (290-310 nm). It is in agreement with the Vickers microhardness
results (Fig. 12), revealing an increase in the hardness of this sample after annealing. However,
the hardness results of the M8 sample (Fig. 13b) for the highest contact depth (270-280 nm)
show a slight decrease of hardness after annealing, i.c., 4.83+0.43 GPa for the SPS sample vs.
4.334+0.44 GPa. It is in slight opposition to the Vickers microhardness results, which suggest an
increase in hardness.
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Fig. 13. Nanoindentation results of the FeCrAl-Y»0s-Ti-V ODS alloys after SPS and after
homogenization annealing at 1020°C for 30 minutes: a) hardness of the M4 sample, b) hardness
of the M8 sample, c¢) reduced Young’s modulus of the M4 sample, d) reduced Young’s modulus
of the M8 sample.

The reduced Young’s modulus results show a similar trend (as a function of contact depth) as
hardness (Fig. 13c, d). For the samples after SPS, the values of reduced Young’s modulus are
rather decreasing with increasing contact depth (increasing load). In contrast, the values are
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relatively stable for the samples after homogenization annealing. Moreover, the reduced
Young’s modulus is slightly higher (for the highest contact depth) in the samples after
homogenization, i.e., for the M4 samples: 173+9 GPa after SPS vs. 214+7 GPa after annealing
and for the M8 samples: 210+7 GPa after SPS vs. 21710 GPa. Therefore, it should be noted
that the homogenization annealing does not have an essential impact on hardness or reduced
Young’s modulus values except for the suppression of indentation size effect, which means the
values of hardness and reduced Young’s modulus are relatively stable as a function of the
contact depth.

4. Conclusions

The investigation showed the successful preparation of FeCrAl-Y,03 ODS alloys with Ti and
V additions by powder metallurgy (mechanical alloying and SPS) and controlled heat treatment.
The mechanically alloyed powders consist of two bcc solid solutions with similar lattice
parameters, confirming the correctly selected mechanical alloying parameters. Powder analysis
results showed a significant decrease in crystallite size from 74 nm (pure Fe powder) to about
25 nm during mechanical alloying. The obtained powders were homogeneous, as the SEM-
EDS micro areas chemical analysis confirmed. The consolidated samples and the annealed
samples show good densification (density of about 96%) and a fine microstructure of a-ferrite
with the majority of grains below 1 um. In addition, the analysis revealed a bimodal distribution
of a-ferrite grains after SPS consolidation. In turn, the heat treatment did not significantly affect
the bimodal microstructure and grain size. The microstructural analysis showed the presence of
nanometric precipitates and their homogeneous distribution in the matrix, which should
substantially impact the creep strength and radiation resistance during operation in nuclear
conditions. In both groups of materials (after SPS and after subsequent annealing), many nano-
(20-50 nm) and micro- (up to 1 um) oxide and carbide precipitates are formed, both in the
matrix grains and at the grain boundaries. There is no growth of precipitates during annealing.
Performed hardness tests show that the addition of V has a positive effect on the increase in the
hardness after annealing (on average by about 24 HVO0.5).
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