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The present thesis work is englobed within the contemporary world’s energetic circumstances, 
and their associated effects on the climate change phenomenon. Because humanity currently 
lacks secure, cheap, large-scale, and reduced carbon substitutes to fossil fuels, new strategies 
must be developed to ensure power production to the growing and developing population, while 
at the same time, this production is capable of avoiding greenhouse gas emissions. In this regard, 
the renewable energies or the fusion nuclear powerplants have risen as potential options able to 
overcome these challenges, however their full implementation is still far from realisation. Thus, 
the development and enhancement of state-of-the-art nuclear and/or low CO2 emission 
powerplants have been encouraged to support this transition from the actual fossil fuels-based 
scenario to a cleaner sustainable prospect in which the world is no longer dependant on these. 

In this context, this investigation has focused on the research and processing of candidate 
materials able to conform these new energy-generation plants, which exhibit improved efficiency 
values due to the higher working temperatures and system pressures. These conditions together 
with other features, such as irradiation or corrosion phenomena, promote the establishment of 
aggressive environments that the materials have to properly withstand. Therefore, the 
development of high-performance materials is essential, and the proposed ones in this thesis 
work have been the oxide dispersion strengthened (ODS) ferritic steels (FS). These alloys exhibit 
remarkable mechanical, corrosion, and irradiation resistance due to the finely dispersed 
nanometric oxides within the ferritic matrix. 

From a compositional point of view, four new ODS FS alloys have been processed employing a 
powder metallurgy (PM) route that enables the achievement of advanced microstructures that 
can excellently perform under more extreme working conditions. Being one of these steels a 
reference ODS steel widely used in the industry, additions of B or/and another oxides-formers’ 
carrier that has improved the oxides’ precipitation (Y-Ti-Zr-O) have been included in the other 3 
ODS steels’ composition to enhance their performance. The B has affected the carbides’ 
morphology inside the steels improving the steels’ creep performance, whereas the Y-Ti-Zr-O 
compound has been synthesized by co-precipitation with the aim of increasing the precipitates’ 
density in the steels, enhancing their mechanical behaviour. 

All the steels have endured the same manufacturing conditions, starting with a mechanical alloy 
(MA) of the powders where a heavy plastic deformation has been induced on the milled powders 
increasing the dislocations’ density, while all the starting powders have been homogenously 
segregated. The consolidation of these powders has been carried out through spark plasma 
sintering (SPS), technique that has reached almost-full densifications and has hindered the grain 
growth in the consolidated steels. 

The processed ODS FS microstructural characterisation has been performed through different 
techniques which have examined several features such as the attained bimodal grain distribution 
in the steels or the carbides’ distribution at a micrometric level. Besides, following transmission 
electron microscopy (TEM) explorations, an assessment of the nano-precipitates’ main 
characteristics has been developed; the size, density, nature, and thermal stability have been 
studied in all the ODS FS. The Y-Ti-Zr-O-containing steels have displayed increased oxides’ 
densities in these investigations. 

A mechanical characterisation of the manufactured ODS FS has been fulfilled at both room 
temperatures (RT) and high temperatures (HT). Performing microhardness and microtensile tests, 
an improvement on the mechanical properties of the steels with Y-Ti-Zr-O has been detected. 
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Regarding the HT mechanical behaviour, small punch (SP) and small punch creep tests (SPCT) have 
dealt with these properties, showing a remarkable enhancement of the creep performance of the 
steels with B and Y-Ti-Zr-O inclusions. Besides, a mathematical correlation has been established 
between the ODS ferritic steels’ microstructural features and their correspondent mechanical 
strengthening contributions to explain how the variations in composition have affected the final 
mechanical performance by altering the steel’s microstructure. 

Finally, the oxidation resistance at HT and the compatibility of the steels with metallic coolants 
(Pb and Pb-Bi alloy) have been addressed. This way, the steels’ surface stability and its protective 
nature have been checked. 

In the end, the cost-efficient PM route and the excellent performance of the developed ODS FS 
in this thesis work show their plausible application as advanced materials in the future high-
performance powerplants’ components. 
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La presente tesis se engloba dentro de la actual situación energética mundial y sus efectos 
asociados sobre el cambio climático. Debido a que, en la actualidad, la humanidad carece de 
alternativas seguras, baratas, a gran escala y de bajas emisiones frente a los combustibles fósiles, 
se deben desarrollar nuevas estrategias que garanticen el abastecimiento de energía a la 
población en desarrollo, mientras que, al mismo tiempo, esta generación de energía no produzca 
altas emisiones de gases de efecto invernadero. En este sentido, las energías renovables o las 
centrales nucleares de fusión se han planteado como opciones potenciales capaces de superar 
estos retos, sin embargo, su plena implementación aún está lejos de concretarse. Por lo tanto, se 
han alentado el desarrollo y la mejora de centrales nucleares y/o de bajas emisiones de CO2 de 
última generación para respaldar esta transición desde el escenario actual basado en los 
combustibles fósiles a una perspectiva sostenible más limpia en la que el mundo ya no sea 
dependiente de estos. 

En este contexto, este trabajo se ha centrado en la investigación y procesamiento de materiales 
candidatos a conformar estas nuevas plantas de generación de energía, las cuales tendrán una 
mayor eficiencia debido a las mayores temperaturas de servicio y presiones del sistema. Estas 
condiciones junto con otros fenómenos de irradiación o corrosión generarán ambientes agresivos 
que los materiales deben soportar adecuadamente. Por tanto, el desarrollo de materiales de alto 
rendimiento es fundamental, y los propuestos en este trabajo de tesis han sido los aceros 
ferríticos reforzados por dispersión de óxidos (ODS). Estas aleaciones exhiben una notable 
resistencia mecánica, a la corrosión y a la irradiación debido a los óxidos nanométricos dispersos 
dentro de su matriz ferrítica. 

Desde el punto de vista de la composición, se han procesado cuatro nuevas aleaciones de aceros 
ferríticos ODS empleando una ruta de pulvimetalurgia que permite desarrollar microestructuras 
avanzadas que pueden funcionar de manera excelente en las condiciones de trabajo más 
extremas. Uno de estos aceros actuará de referencia ya que ha sido bastante utilizado en la 
industria, mientras que en los otros 3 se han incluido adiciones de B u/y otro compuesto portador 
de los formadores de óxidos que ha mejorado la precipitación de estos (Y-Ti-Zr-O). El B ha 
afectado la morfología de los carburos dentro de los aceros mejorando la fluencia de los aceros, 
mientras que el compuesto Y-Ti-Zr-O ha sido sintetizado por coprecipitación con el objetivo de 
incrementar la densidad de los precipitados en los aceros, mejorando su comportamiento 
mecánico. 

Todos los aceros han sido procesados siguiendo la misma ruta, comenzando con una aleación 
mecánica de los polvos donde se ha inducido una alta deformación plástica en los polvos molidos 
aumentando su densidad de dislocaciones, mientras que todos los polvos de partida se han 
segregado de manera homogénea. La consolidación de estos polvos se ha realizado mediante 
spark plasma sintering (SPS), técnica que ha conseguido densificaciones casi completas y ha 
evitado un alto crecimiento de grano en los aceros consolidados. 

La caracterización microestructural de los aceros procesados se ha realizado a través de 
diferentes técnicas que han examinado varias características como la distribución de grano 
bimodal lograda en los aceros, así como la distribución de los carburos a nivel micrométrico. 
Además, tras las exploraciones de TEM, se han evaluado las principales características de los 
nanoprecipitados; parámetros como su tamaño, densidad, naturaleza y estabilidad térmica han 
sido estudiados en todos los aceros ODS. Aquellos que han incluido el óxido complejo de Y-Ti-Zr-
O en su composición han mostrado mayores densidades de óxidos. 
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A continuación, se ha realizado una caracterización mecánica de los aceros ODS tanto a 
temperatura ambiente como a altas temperaturas. Realizando ensayos de microdureza y 
microtracción, se ha detectado una mejora en las propiedades mecánicas de los aceros con Y-Ti-
Zr-O. En cuanto al comportamiento mecánico a altas temperaturas, los ensayos de small punch 
(SP) y small punch creep tests (SPCT) han estudiado estas propiedades, mostrando una excelente 
mejora del comportamiento frente a fluencia de los aceros con inclusiones de B e Y-Ti-Zr-O. 
Además, se ha establecido un modelo matemático que correlaciona las características 
microestructurales de los aceros ODS y sus correspondientes contribuciones al endurecimiento 
para explicar cómo las variaciones en la composición han afectado al desempeño mecánico final 
al alterar la microestructura del acero. 

También, se ha abordado la resistencia a la oxidación a altas temperaturas de trabajo, así como 
la compatibilidad de los aceros con refrigerantes metálicos (Pb y la aleación Pb-Bi). De esta forma 
se ha comprobado la estabilidad superficial de los aceros y la naturaleza protectora de su 
superficie externa. 

Al final, la rentable ruta pulvimetalúrgica y el excelente rendimiento de los aceros ferríticos ODS 
desarrollados en este trabajo de tesis muestran su plausible aplicación como materiales 
avanzados en los componentes de las centrales de energía de alto rendimiento del futuro. 
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1.1-Introduction 
In this first chapter, an introduction and state of the art regarding the oxides dispersion 
strengthening (ODS) steels’ features, manufacturing, and applications have been developed (as 
summed in Figure 1.1). Firstly, the issues related to energy production and consumption have 
been assessed by describing the actual and forthcoming powerplants, as well as the main 
requirements to be fulfilled by the candidate materials which will be used in new power 
generation systems with low CO2 emissions. Afterwards, the selection of the ODS ferritic steels 
and their historical development have been examined, where their main strategies employed to 
improve their properties have been exhibited. Finally, to complete this section, information 
regarding the processing and the current state of the art of these materials and their main 
characteristics has been reviewed. 

 
Figure 1.1: Introduction and state of the art of ODS ferritic steels 

1.2.-Structural materials for future generation powerplants 
One of the main objectives of materials’ science and engineering is the exploration and 
development of advanced materials able to successfully meet the demanding and constantly 
changing requirements that appear as the new breakthroughs and achievements take effect. In 
the context of this thesis work in particular, these requirements are encompassed in the future 
energy production and how it must become more efficient, available and sustainable in order to 
avoid or diminish the global warming and climate change effects while ensuring energy’s access 
worldwide. Thus, at first it is essential to assess the background that encouraged the investigation 
of those materials in the first place. This context and how it affects the selection of valid materials 
has been discussed in this initial chapter of this thesis. 

1.2.1.-World energy concerns 

Currently, as the global population grows, and the developing nations rise into an industrialisation 
of their economies, the demand of energy and electricity has reached unprecedented levels, up 
to more than 1 million terajoules of energy per day globally [1]. 
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Additionally, this produced energy still is extremely dependant on fossil fuels, as more than half 
of it comes from oil, carbon, or gas. The issues are that they are finite and that the use of this 
energy sources takes a potentially devastating toll on the planet with increasing levels of 
greenhouse gases and responsible of the ongoing climate change and its noxious effects on 
society [2–4]. 

To assess this situation, several approaches have been considered such as the development of 
renewable energies, the improvement of electrical energy storage, the use of hydrogen fuel cells, 
or the production of nuclear energy. This last strategy aspires to be a valid alternative to fossil 
fuels due to its high density power generation, cero carbon emissions and cost effective [5]. 

Nowadays, nuclear power generation is active, representing around 11-13% of the global energy 
production [5,6], being the fission based powerplants responsible for this. Their fundament is the 
employment of the energy released during the fission process (Eq. 1.1 shows one of the main 
reactions that takes place, among others [7]) to heat steam water that induces a rotation 
movement on turbines, generating electricity in the process. These reactors have been evolving 
and increasing their efficiency and security. However, although fission nuclear energy has been 
operative for around 70 years it still presents some drawbacks like the use of Uranium-235 and 
its process as a residual waste after the reaction has taken place. 

𝑈 + 𝑛 → 𝑈 → 𝐵𝑎 + 𝐾𝑟 + 3 𝑛 + 177𝑀𝑒𝑉 (Eq. 1.1) 

For this, an extensive research is being conducted regarding the development of fusion-based 
nuclear reactors, which would generate a safe, fully clean energy with no long-lived radioactive 
waste, and with a virtually inexhaustibly supply. Opposite to the fission reactors, the fusion 
process recreates the main reaction produced in the stars, where deuterium and tritium (two 
Hydrogen isotopes) fuse generating Helium and substantial heat energy (Eq. 1.2, [7]). 
Nevertheless, although it has been achieved, this process is still far from being productive, as for 
the moment it still consumes more energy than the one it generates [8]. 

𝐻 + 𝐻 → 𝐻𝑒 + 𝑛 + 17.59𝑀𝑒𝑉 (Eq. 1.2) 

Thus, nuclear energy production, in association with renewable energies, is a promising pathway 
to carbon neutralisation in the future. Figure 1.2 exhibits the potential evolution of nuclear 
energy production (measured in exajoules, EJ) in the European Union for the next 30 years. 

 
Figure 1.2: Nuclear production across the EU [9] 
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Furthermore, in addition to the nuclear approach, other initiatives have been considered to 
enhance the energy production of already operating and future carbon-based powerplants, which 
will look to improve their efficiency and so, be another valid option in the transition to cleaner 
power generation. 

There is, therefore, a worldwide need to develop materials for advanced high efficiency and low 
CO2 emissions power generation systems, such as ultra-supercritical power plants (USC), 
concentrating solar power (CSP), with heat transfer fluids (HTF) with improved efficiency and 
thermal energy storage (TES). 

All these power generation systems have in common that the increase in their efficiency and the 
decrease in emissions is given by the temperature to which the systems have to be exposed to 
operate at high performance. For example, conventional coal-fired power plants, where water is 
boiled in order to generate steam that in turn activates a turbine, have an efficiency of 32%. 
However, supercritical (SC) and ultra-supercritical (USC) plants operate at temperatures and 
pressures above the critical point of water, that is, above the temperature and pressure in which 
the liquid and gaseous phases of water coexist in equilibrium. As there is no difference between 
gaseous water and liquid water, it achieves a higher efficiency (above 45%). Additionally, they 
require less coal per megawatt hour (MWh), leading to lower emissions (such as carbon dioxide 
and mercury), higher efficiency, and lower fuel costs per MWh. 

Thus, innovative materials capable of withstanding increasingly higher temperatures, under high-
loads and corrosive environments must be developed. Most of the performance problems of 
candidate low, medium, and high temperature (HT) materials focus on corrosion behaviour, while 
the performance problems of HT alloys are related to creep resistance. 

One of the most widely used since the 1980s, grade 91, has experienced numerous problems in 
the manufacture of high-temperature components due to the high sensitivity of its 
microstructure to its thermal and deformation history [10]. Therefore, temperature control 
during its manufacture as well as during component fabrication is critical. In the short term, the 
use of already well-known alloys will be continued, such as reduced activation ferritic/martensitic 
steels (RAFM) EM10 and T91, stainless steels 316L and DIN 1.4970 (15-15Ti: 15Cr-15Ni-1,2Mo-Ti-
B), Incoloy 800 or Inconel 617 alloys. But in a long-term, ODS ferritic steels or SiC/SiC ceramic 
composites are expected to be available [10–12]. 

1.2.2.-Future generation power reactors 

The development of the forthcoming nuclear powerplants has been carried out by the 
collaboration of various research groups in the so-called Generation-IV international forum (GIF). 
Since 2001, this project aims to explore and promote the six new types of nuclear powerplants 
considered as the Gen-IV systems, which are summed up in Table 1.1 together with their main 
characteristics. 
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Table 1.1: Characteristics of the six Generation IV reactor systems [13] 

System Neutron 
spectrum 

System 
pressure (MPa) 

Coolant Outlet 
temperature (°C) 

Nominal power 
density (MW/m3) 

Size 
(MWe) 

VHTR (very high temperature reactor) Thermal 8 Helium 900-1000 8 100-300 

SFR (sodium-cooled fast reactor) Fast 0.3 Sodium 550 175 50-1500 

SCWR (super critical water-cooled reactor) Thermal/fast 25 Water 510-625 100 1000-1600 

GFR (gas-cooled fast reactor) Fast 7 Helium 850 100 1000 

LFR (lead-cooled fast reactor) Fast 0.6 Lead, lead/bismuth 480-800 70 20-1200 

MSR (molten salt reactor) Epithermal 0.6 Fluoride salts 700-800 170 1000 

LWR (light water reactor) Thermal 8-16 Water 325 100 600-1600 

Besides, the Gen-IV reactors are being developed for their application as important sources of 
load power in the middle-long term (2030-2050), as evinced in [14]. The central goals inspiring 
this investigation emanate from four broad areas: sustainability, economics, safety and reliability, 
and proliferation resistance and physical protection [15]. 

On the other hand, the future fusion reactors will resemble comparable characteristics with the 
Gen-IV reactors in several of their components, because analogous harsh environments will be 
expected in them, such as the elevated working temperatures (550-650 °C), high system 
pressures (reaching maximum values between 8-16 MPa in some cases), heavy neutron doses 
(100-200 displacements per atom, dpa), and extended lifetimes around 60 years [16]. 

Consequently, these advanced nuclear reactors must exhibit an outstanding performance while 
operating in highly aggressive working conditions, therefore, they will include cutting-edge 
technology in all their components, along with the materials that will constitute them. 

1.2.3.-Material selection 

With the objective of providing favourable functionality and safety conditions, the materials 
aspiring to be candidates as components in the future nuclear reactors must fulfil successfully 
certain requirements: 

From a structural/mechanical loads perspective, because the developed components must 
endure heavy stresses under HT (which will induce changes in the inner microstructure and, thus, 
in the dislocations’ ability to move), it is mandatory that these materials would have a superior 
mechanical resistance and toughness at both RT and HT (up to 650°C) able to confront the strain 
applied when high stresses develop. In addition to attain longer lifetime before fracture of 
reactors’ elements, excellent behaviour against the creep phenomenon is also required. 

The elevated temperatures in conjunction with the contact between the metallic coolants and 
the components will favour the appearance of other phenomena such as the materials’ surface 
degradation and oxidation in case they are metallic. The coolants can be too aggressive in the 
surfaces they get into contact with, as they may partially dissolve and degrade them. It is crucial 
that materials are protected against these situations so that their mechanical performance is not 
compromised. They must therefore have a high resistance to corrosion and oxidation at RT but 
especially at HT. 
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For future nuclear reactor applications, due to the irradiation-induced damage that will occur in 
nuclear reactors, candidate materials must have low activation of the chemical elements that 
make up the material, so that they are not easily transformed into other elements that could lead 
to incompatibilities with other elements and loss of mechanical and chemical properties. They 
must also have good resistance to irradiation to help prevent swelling caused by ion and neutron 
bombardment, which also creates microvoids that act as pathways for crack propagation. 

Several approaches have been performed in previous works to assess these specifications. 
Initially, the austenitic steels were considered as promising materials for their application in 
nuclear powerplants’ components due to their proper corrosion resistance and their improved 
stability and mechanical performance at high working temperatures [17,18]. Nevertheless, their 
face-centred cubic (FCC) crystalline structure (characteristic of the γ phase) made them eager to 
volumetric swelling phenomena caused under strong irradiation conditions [17,19]. 

Due to this, the following approximation considered by different authors was the design of 
materials with a body-centred cubic (BCC) crystalline structure, which showed higher resistance 
to swelling and He embrittlement [18,20–23]. 

Hence, the reduced activation ferritic/martensitic (RAFM) steels came into play exhibiting an 
improved resistance against the defects induced by irradiation in comparison with the austenitic 
steels. These steels include Cr contents ranging between 9-12 %wt., that ensure the coexistence 
of martensite and ferrite phases and the feasibility of the phase transformation (α-γ) over 800 °C, 
which delivered a higher ability to form equiaxed grains resulting in isotropic properties, as stated 
by Boulnat et al. in [24]. Besides, the RAFM steels displayed some issues like a poor creep 
resistance (the M23C6 carbides become coarser and cannot adequately pin the grain boundaries) 
when the operating temperature surpassed the 600 °C [25,26], due to this, various strategies have 
been considered such as the application of thermomechanical treatments (TMT) [27], or their 
strengthening by oxides’ dispersion [18,28–30]. This last approach remarkably enhanced the 
mechanical performance at HT, due to the effective dislocations’ pinning effect and the extreme 
thermal stability of the dispersed nano-oxides inside the matrix. 

For the past 30 years, enhanced ferritic steels with creep resistance (such as grades 91, 92, 122, 
and 23) have been extensively used as high-temperature components in fossil fuel-based energy 
power plants [31]. However, some limitations have been encountered in the processing of HT 
components due to its microstructure's high sensitivity to heat and deformation history, that is 
the case of grade 91 [32]. Due to this, temperature control during its manufacturing is essential. 

1.3.-Oxide dispersion strengthened ferritic steels (ODS FS) 
In the end, to ensure an improved mechanical behaviour at HT, the high Cr ferritic steels were 
developed. These steels also show enhanced corrosion resistance due to the higher Cr content 
(between 12-16 %wt.) compared to the RAFM steels [33], improving their creep properties [34]. 
However, an excessive Cr content results in an aging embrittlement of the steel as a result of the 
formation of Cr-enriched secondary phases [35–37], thus Cr contents over the 16 %wt. level are 
not recommended for their application in nuclear energy production. 
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Besides, when these ferritic steels incorporate a fine distribution of nanometric precipitates to 
their inner microstructure (oxide dispersion strengthening, ODS) the creep performance is heavily 
increased [38,39]. However, these materials still exhibit a series of issues to address, being the 
most remarkable the obtention of a proper strength/ductility ratio [40,41], and the focus on the 
low fracture toughness of ODS ferritic steels [42]. 

Since the decade of the 1970s, the development of the ODS ferritic stainless steels (FS) started 
with the DT and DY alloys(13 %wt. Cr, adding TiO2 or Y2O3 as oxides’ formers respectively) 
prepared by CEN/SCK in Belgium [43], and the MA957 (14 %wt. Cr, Y2O3 as oxides’ formers) 
designed by the International Nickel Company (INCO) [44]. These steels incorporated their oxides’ 
formers by mechanical alloying (MA). Later efforts in Japan by Ukai et al. [45,46] focused on the 
analysis of the Ti additions and how this element refined the nanometric Y2O3 oxides and affected 
the oxide dispersion parameters. Moreover, with the manufacturing of the 12YWT and the 
discovery of an elevated precipitation of nanometric oxides [47], new studies and investigations 
have been arising and providing enhanced ODS ferritic steels up to the present-day. 

Currently, the peak-performance ODS FS include elevated oxides’ dispersion values (1022-1023 
ox/m-3) with low nanometric oxides’ sizes (~2-5 nm). These parameters allow them to attain 
suitable mechanical properties such as balanced high strength/ductility, enhanced fracture 
toughness, and excellent high temperature creep behaviour. Traditionally, these features have 
been achieved by employing processing routes that involve several steps: atomising, MA of the 
powders, canning, slab by hot isostatic pressing (HIP), hot rolling, additional cold rolling if 
necessary, and final heat treatments [48–50]. In view of these complex routes, efforts are made 
nowadays to reduce the number of manufacturing stages and decrease the cost of the steels [51]. 

For this, the oxide dispersion strengthened ferritic steels (ODS FS) have been selected as 
candidate materials in this investigation, for their application as components in nuclear 
powerplants. 

1.3.1.-Oxide dispersion strengthening mechanisms 

The fundamentals of oxide dispersion strengthening (ODS) reside mainly in the interactions 
between the oxide particles and the surrounding dislocations. The existence of extremely small 
uniformly dispersed particles of a second phase (oxide precipitates) within the ferritic matrix 
produces a distortion around the particles which, in the end, effectively impede the dislocation 
motions during plastic deformation or heating and thus, strengthen the steels [52]. 

Figure 1.3 shows a scheme of how the dislocations will interact with the precipitates inside the 
ODS steels, the dislocations will either cut through the precipitates (Friedel cutting) or extrude 
between the particles (Orowan looping) [53]. 

 
Figure 1.3: The two main mechanisms involved in the dislocation-precipitate interaction: Friedel cutting 

(left), Orowan looping (right). Adapted from [53] 



Chapter 1: Introduction and state of the art 

15 

It is important to define at this point how the coherency/incoherency nature of the precipitates 
will influence on which of the two types of dislocations-precipitates’ interactions will take place. 
Usually, small particles are coherent with the matrix; they coincide in their crystal planes with the 
matrix and can have stress fields associated to them that will interact with the dislocations. In 
most cases coherent particles tend to endure the Friedel cutting mechanism. 

On the other hand, once the particles exceed an specific critical radius, they become incoherent 
with the matrix having different crystal orientations/structures and provoke that the dislocations 
bow around them forming entrapped loops that, in the end, partially increase the strength of the 
material [54]. Considering the work developed by Zhong et al. [55] , the nanometric particles with 
a radius below than 2 nm were considered as coherent and thus, sheared by the dislocations 
(Friedel cutting), while if their radius was higher than 2 nm, then the Orowan mechanism took 
place preferentially. 

The strengthening contribution from Orowan looping by non-coherent particles assumes that the 
oxide particles are impenetrable. If the particle spacing is also considered as proposed by Ashby, 
taking into account the particle spacing [56], the equation would look more precisely like: 

𝜎 =
0.4

𝜋

𝑀 · 𝐺 · 𝑏

𝐿√1 − 𝜈
𝑙𝑛 

𝑥

2𝑏
 (Eq. 1.3) 

Where 𝑀 represents the Taylor factor, 𝐺 the Fe shear modulus, 𝑏 the Burgers vector, 𝜈 the 
Poisson’s ratio, 𝐿 the average inter-particle spacing, and 𝑥 the average particles’ diameter on the 
slip planes. 𝐿 and 𝑥 can be calculated with Eq. 1.4 and Eq. 1.5 respectively: 

𝐿 =
2

3
·

𝜋

4 · 𝑓
− 1 · 𝑑  (Eq. 1.4) 

Being 𝑓 the precipitates’ volumetric fraction. 

𝑥 =
2

3
· 𝑑  (Eq. 1.5) 

Furthermore, the Orowan looping mechanism allows for enhanced strengthening if some 
premises are considered. Firstly, the smaller the size of the incoherent precipitates, the higher 
the strengthening as the bowing stress increases with decreasing particle radius. Secondly, having 
a higher volume fraction of particles develops into an improved strengthening; this happens due 
to the diminishment of the particle spacing, which will reinforce the effectivity of the Orowan 
loops as the subsequent dislocations will have to “squeeze through” a smaller region between 
the two loops. 

Finally, the strengthening will be more effective if the precipitates’ hardness is higher, thus, the 
compositional nature of the precipitates will also affect the precipitates’ strengthening. 

Moreover, another reason why a narrow distribution of precipitates is sought is the better 
swelling resistance achieved. Due to irradiation, He, which is insoluble in metals, will tend to 
constantly aggregate, forming bubbles in the particle/matrix interface thanks to transmutation 
reactions [57]. Because of this, a more refined and denser dispersion of nano-oxides will lead to 
a better distribution of the small He bubbles, and therefore, less agglomeration of He will occur 
meaning that less microvoids will be available for the propagation of the prejudicial cracks. 
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Consequently, the process stages involved in the precipitation, dispersion, and chemical 
composition of the nanometric oxides must be excelled to achieve the highest precipitates 
density of the refined particles. Furthermore, the strengthening contribution of the oxides is 
included in the overall yield strength of the steels, which can be calculated theoretically taking 
into account Eq. 1.6: 

𝜎 = 𝜎 + 𝜎 + 𝜎 + 𝜎 + 𝜎  (Eq. 1.6) 

Although this equation is commonly used, it should be considered as an approximation since the 
individual reinforcement mechanisms are not truly independent from each other. So, the 
equation tends to overestimate the truly material strength*.  

1.3.2.-Oxide particle’s formation and growth 

The analysis of the precipitation process of the nano-sized oxides, that is involved during the 
manufacturing the ODS FS, is essential to more properly tailor and design the desired 
microstructure, and so, the final mechanical performance. As mentioned before, the outstanding 
mechanical properties of ODS steels are obtained thanks to the strong interactions between the 
oxides and dislocations, whose movement is impeded by the oxides. Therefore, a brief outlook of 
the principal phenomena related to the formation and growth of the nanometric precipitates is 
exposed next. 

Precipitation 

Several theories and models have been discussed over the years to explain the causes that 
promote the precipitation of secondary phases in the ODS steels. However, one of the most 
accepted proposed by Kimura et al. [58] and also by Alinger et al. [59] argue that when oxide-
forming elements are added by means of a compound, then during the MA the elements are 
dissolved in the ferritic matrix and, later during consolidation, will precipitate as nanometric 
oxides (Figure 1.4 shows the atom probe tomography (APT) atom maps where the uniform 
distribution of the elements before consolidation is observed (left) whereas after consolidation 
the elements precipitates as the nano-oxides (right). Other works also reinforce these deductions 
[60–63]. 

 
Figure 1.4: APT maps showing the homogeneous distribution of the oxide formers after the MA (left), 

and how the oxides precipitate after the consolidation. Extracted from Williams et al. in [64] 

 
* A more profound study of this equation and its individual strengthening factors has been developed in 
5.5.-Strengthening mechanisms, thesis’ section that readers are encouraged to examine for a more detailed 
discussion about this matter. 
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Analogously, Hsiung et al. [65] introduced a theory in which the oxide precursors and formers 
would not dissolve but divide in smaller nanoscale fragments that would agglomerate in 
amorphous clusters with other matrix constituents while the MA stage develops. Afterwards, the 
clusters larger than a critical size would crystallise forming the oxide nanoparticles composed by 
a complex-oxide core and surrounded by a solute-enriched shell (Figure 1.5). 

 
Figure 1.5: Schematisation of the oxides formation mechanism, adapted from the work developed by 

Hsiung et al in [65] 

Precipitate’s coarsening 

It is important to remark again the importance of the precipitate’s size in the ferritic matrix. As 
mentioned before, to maximise the mechanical strength provided by the precipitate’s pinning 
effect over the dislocations, the precipitated oxides should be as small as possible to guarantee 
an elevated density and dispersion of these. For this, usually, the best ODS ferritic steels contain 
oxides with sizes comprehended between 1-5 nm, while other ODS steels with precipitates sizes 
around 10-30 nm decrease their strengthening [66]. 

Once the nanometric oxides have started to precipitate, they will continue to grow and coarse as 
both the consolidation’s temperature and time increase. Thus, the ideal scenario would be the 
one where the sintering process takes place in a swift way, with low sintering times and 
moderated temperatures to avoid an excessive precipitates coarsening [67]. However, in ODS 
ferritic steels developed by a PM route, the high sintering temperature plays a huge role on the 
decrease of the associated porosity. Taking this into account, the use of the spark plasma sintering 
(SPS) technique allows for the consolidation of the steels at high temperatures but with low 
sintering times that allow the achievement of high densifications, nonetheless, attaining this ideal 
scenario mentioned previously. 
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Of course, the composition of the oxides also plays a strong influence on the final size of the 
nanometric oxides. Traditionally, Y2O3 has been used as the precursor for the oxides’ precipitation 
due to its high melting point and low solubility into the ferritic matrix, and together with Ti 
additions, enable an increased refinement of the precipitated oxides (due to the lower interfacial 
energy between the oxide particles and the ferritic matrix) [68–70]. 

However, the presence of Al in the ferritic matrix (between 3-5 wt.%) partially decreases the 
effectiveness of the precipitates’ strengthening due to the formation of coarser Y-Al-O oxides 
which may potentially coarsen when the ODS steels’ components are exposed to the operating 
conditions. Thus, to counter this, Zr is usually introduced to promote the formation of smaller Y-
Zr-O complex oxides instead of Y-Al-O particles, achieving superior high temperature strength and 
excellent oxidation/corrosion resistance by controlling excess oxygen content [48,71–73]. 

Thermal stability of nanoclusters and creep resistance 

The nanometric oxides, once precipitated in the ferritic matrix, are often reported to be extremely 
stable from a compositional and morphological perspective. Their ceramic nature ensures an 
elevated resistance to HT; thus, the oxides remain steady and immutable when exposed to 
working temperatures in the range of 600-700 °C. Nevertheless, once frontier temperatures are 
surpassed (usually between 1100-1300 °C), the nanometric oxides will endure changes in size, 
morphology, and structure. 

Again, the composition of the oxides strongly influences their resistance to coarsening at HT. Al-
containing oxides usually exhibit a higher predisposition to growth and therefore, are the ones 
with bigger precipitates size. To address this issue, it has been reported how the addition of 
certain elements such as Ti or Zr limits this coarsening of the oxides [51,74], as these inclusions 
in the oxides improve their stability at HT over 1100 °C and, although they do not completely 
avoid it, they impede an excessive coarsening of the nanometric oxides [71,75,76]. 

1.3.3.-ODS creep resistance 

Creep is defined as the evolution of plastic strain with time, under a constant load at HT [77]. This 
phenomenon usually takes place in metallic materials subjected to high stresses in harsh 
environments with HT and, over time, can lead to mechanical failure and fracture of the 
components. During creep, dislocations are created, and, in turn, strain-harden the tested 
material (first stage), however, the HT annihilates these dislocations simultaneously, and so, the 
tested samples strain plastically as time progresses (secondary stage) until at a certain point 
several microvoids develop and coalesce forming crack nucleation points that eventually lead to 
the rupture of the sample (tertiary stage). Therefore, it is deeply critical to understand the creep 
properties of the ODS steels. 

A typical creep curve has been exposed in Figure 1.6. As indicated previously, the strain endured 
during the creep phenomenon undergoes several stages until the final rupture of the material †. 
The two most remarkable parameters typically used as indicators of a strong creep resistance in 
a material are the time to rupture and the secondary strain rate (corresponding to the secondary 
stage), the higher the time to rupture and the lower the secondary strain rate, the better the 
creep behaviour of the materials. 

 
† further information can be found in 3.7.4.-Small Punch Creep Tests (SPCT) to evaluate the creep properties 
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Figure 1.6: Creep curve schematic showing the variation of strain with time 

ODS steels exhibit a remarkable resistance against creep; the presence of the nano-oxides in the 
inner structure blocks and pin the dislocations due to the interactions that take place between 
dislocations and particles at HT; this happens because of the diffusional relaxation of the stress 
field at the matrix particle interface [78]. Consequently, these interactions strengthen the steels 
against creep by diminishing the strain rate of the creep induced steels and, thus, increase the 
time to rupture. 

During creep, the dependence of the applied stress (𝜎) with the secondary strain rate (𝜀̇) on the 
steady state creep or minimum creep rate, can be expressed using the Norton’s law: 

𝜀̇ = 𝐴(𝑇) · 𝜎  (Eq. 1.7) 

Where 𝑛 refers to the stress exponent that relates the main creep mechanism involved during 
the deformation process, and 𝐴 is a constant dependent on temperature that follows the next 
relation: 

𝐴 = 𝐾 · exp (
−𝑄

𝑅 · 𝑇
) (Eq. 1.8) 

Being 𝑄  the activation energy required for the creep, 𝑅 the ideal gases constant, 𝑇 the 
temperature, and 𝐾 a parameter associated to microstructural specifications. 

Furthermore, the creep mechanisms, that govern how the strain evolves during the creep 
process, will vary on behalf of the creep parameters (stress and temperature) that affect the 
plastic deformation of the ODS steels. Pelleg discussed these mechanisms in [79], according to 
stress exponent n and the activation energy Qc, they can be classified into diffusional creep 
mechanism, grain boundary sliding creep, dislocation slip creep and dislocation climb creep. 

- Diffusional creep (Nabarro-Herring creep and Coble creep), which is controlled by the 
vacancies’ diffusion and thus, by the temperature. When this diffusion is produced 
through the interior of the grains, then creep is considered to be Nabarro-Herring creep, 
whereas when the diffusion takes place at the grain boundaries, then it is called Coble 
creep. The n stress exponents in these mechanisms usually exhibit values of 1 [80]. 

- Grain boundary sliding creep, in which the grains slide past each other along their 
common boundary. 
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- Dislocation slip creep, which takes place when creep is governed by the movement of 
dislocations in the crystalline lattice. The n exponent is equal to 3 when this happens.  

- Dislocation climb creep, in this case, creep is controlled by the interactions between the 
dislocations and the precipitates that impede their movement, if the precipitates’ ability 
to pin and stop the movement of dislocations is high enough, then this mechanism is the 
dominant creep mechanism, and the n stress exponent is generally between 5 to 7. 

At normal working conditions, for standard ODS FS applications, the main creep mechanism is 
dislocation climb creep due to the elevated density of nanometric oxides that interact with the 
inner dislocations. Therefore, when the strain rate is affected by the motion rate of the 
dislocations surpassing the precipitates obstacles, then the dislocation climb creep mechanism is 
involved as the principal mechanism [81]. 

1.4.-Fe based oxide dispersion strengthened alloys 
As stated before, the oxide dispersion strengthened ferritic steels (ODS FS) have been improved 
over the years‡ and because of their potential, they have been chosen as the materials to be 
developed in this work. In this regard, several features and parameters must be optimised, since 
the selection of the alloying elements involved in the composition of the ODS FS, and their 
processing stages in the powder metallurgy route will have a crucial effect on the final mechanical 
and chemical properties of the steels. Thus, brief justifications and definitions have been 
described in this section to better clarify the expected characteristics and properties in the 
manufactured ODS FS. 

1.4.1.-Effects of alloying elements 

Being Fe the base and main metal of the ODS FS, additional alloying elements and oxides’ formers 
can be incorporated to enhance determined features of the developed steels. 

The inclusion of Cr (typically between 12-16 %wt.) induces the formation of a Cr2O3 protective 
layer against corrosion and oxidation phenomena at HT, in addition to enable the ferritic nature 
of the alloy. To further improve the corrosion resistance, Al is added to develop an extra Al2O3 
layer [69]; however, it is important to control the amount of this element because it also forms 
undesired coarse nano-precipitates that do not strengthen the steels as effectively as the other 
more refined nanometric oxides [82]. 

To adequately strengthen the steels by solid solution, promote their high-temperature strength, 
and also preserve the ferritic phase, W is introduced in the steels in a weight percentage 
comprehended in the range of 1-3 %wt. [83]. 

Besides, it is critical to remark the influence of the elements responsible for the precipitate’s 
formation because the composition of these will have a strong influence in their size and 
dispersion, thus altering the final strengthening by precipitates. The Y2O3 and the Ti will be used 
as the main precursors of the nanometric oxides, where Ti is in charge of refining the oxides’ size 
by promoting the precipitation of smaller Y-Ti-O type oxides. Furthermore, to address the issue 
of the coarser Y-Al-O precipitates formation, Zr is added to form preferentially fine Y-Zr-O 
precipitates and to refine the Al containing oxides too [84]. 

 
‡ A brief compilation of the ODS FS’ progress has been exposed previously in 1.3.-Oxide dispersion 
strengthened ferritic steels (ODS FS). 
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Finally, the addition of other elements such as B can improve the mechanical performance of the 
ODS steels. Because B is a small, reactive element, it can easily segregate and accumulate at grain 
boundaries, inclusions or even precipitates, affecting the steels’ mechanical performance. It has 
been reported its effectiveness to increase hardness [85–87], as well as the improvement of creep 
properties by inhibiting the growth of M23C6 carbides [88–91]. 

1.4.2.-Mechanical alloying process 

The high energy milling stage of the starting powders, where the mechanical alloying takes place, 
is one of the keys to attain the final microstructures responsible for high-performance and 
competitive ODS steels. Usually, high energy ball mills are selected to fulfil this purpose, such as 
the attritor mills, where their rotor blades rotate and the milling balls produce intense collisions 
between the initial powders and the grinding media [92]. 

During this phase of the process, the powders endure heavy plastic strain due to the mechanical 
energy induced by the high energy mill and the balls inside it. In this stage and depending on the 
hardness and stiffness of the raw powdered material, the kinetic energy transmitted from the 
balls to the powders’ particles is substantial enough to plastically deform them into flat 
morphologies or fracture them. As milling time progress, those particles can mechanically weld 
themselves developing particles with larger sizes with a sandwich like structure or with small 
fragments of harder particles trapped between more ductile flakes forming welded particles. As 
balls collisions increase, these particles harden becoming more brittle and thus, breaking into 
smaller particles with irregular shapes until an equilibrium is reached between the deformation, 
welding and fracture phenomena. At this point, the milling stage could be satisfactory and can be 
stopped. An extensive description of this process is detailed by Suryanarayana et al. in [93]. 

Thanks to this, the dislocations density is greatly increased strengthening the powders [94,95], 
while at the same time, the oxide formers are finely distributed through all the milled powders 
creating enriched environments which in the end will precipitate and form the nanometric oxides 
during the consolidation stage [96]. Once the milling has been performed successfully, the 
powders are considered as mechanically alloyed (MA). The evolution of the alloy at this stage of 
processing can be monitored by electron microscopy to verify the size, morphology and 
microstructure of the powders, as well as by X-ray diffraction. Crystallite size (mean size of 
domains with coherency diffraction) and microstrain level (distortion of the structure) can 
describe the permanent deformation level accomplished in the material.  

Besides, the exquisite control of the milling atmosphere is fundamental to avoid external oxygen 
contamination, as an excess of this element would be detrimental for the correct and proper 
formation of the nano-precipitates. For this, the use of a high purity Argon atmosphere is 
recommended during the MA of the ODS steels’ powders [97]. 

1.4.3.-Consolidation 

Once the starting powders have been effectively mechanically alloyed, the next step is to 
consolidate them. The consolidation/sintering stage is one of the most important stages in any 
powder metallurgy route, as it has a huge impact on the final density obtained in the processed 
components and, thus, the proper mechanical behaviour of these. 

Several techniques are used currently to consolidate ODS ferritic steels’ powders (Figure 1.7), 
being the hot extrusion (HE) and the hot isostatic pressing (HIP) some of the most extended in 
use [98,99]. However, in the last year a strong interest has arisen regarding the low diffusion 
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sintering techniques due to their effectiveness at limiting excessive grain growth; in this regard, 
the spark plasma sintering (SPS) is one of the most promising. 

 
Figure 1.7: Most frequently processing routes used in the manufacture of ODS FS. Also, some 

combination between them have been reported 

The consolidation of the powders by SPS bases its operation in the simultaneous application of 
pressure and an electrical field responsible for the heating necessary to densify the powders. 

Taking advantage of the heating produced by Joule’s effect once the pulsed DC (direct current) 
passes through the powders, the particles sinter densifying the final material in the process 
[100,101]. 

The SPS technique has been and is currently used in the manufacturing of various ODS FS due to 
the fast sintering that helps to avoid an immoderate grain growth, that would be detrimental for 
the mechanical performance due to the consequent excessive dislocations’ annihilation. Thus, 
several ODS steels are being developed using this consolidation method as the following 
investigations refer in [51,102–104]. 

1.4.4.-Macro and microstructure. NFA microstructure 

Another remarkable aspect in the nanostructured ferritic alloys (NFA) ODS FS consolidated by SPS 
is their characteristic bimodal grain microstructure. The PM manufacturing route (and specially 
when MA+SPS is considered) promotes the formation of a heterogeneous grain size distribution 
where large coarse micrometric grains surround areas of ultrafine (UF) sub-micrometric grains (< 
400 nm) [73]. 

When applications require both high strength and good ductility, nanostructured metals with 
bimodal grain size distribution can be selected [79]. It is possible to maintain a certain degree of 
ductility when UF grained areas are promoted on the microstructure. Metal alloys with extreme 
heterogeneity in strength/hardness from one region to another can be defined as ‘heterogeneous 
materials’ [105]. 
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Several factors have been considered as responsible for the development of this bimodal 
microstructure, such as: the heterogeneous distribution of the dislocations induced in the 
powders during the MA, the temperature gradients and inhomogeneous temperature variation 
occurred in the SPS stage, or the dissimilar precipitation of the nanometric oxides whose pinning 
effect in the grain growth midst consolidation will be more accentuated in specific areas [40,106]. 
Furthermore, it has been reported how this heterogeneous grain microstructure can be tailored 
varying processing parameters like the induced plastic deformation in the MA or the sintering 
temperature [51,107]. 

Finally, it is worth mentioning the advantageous mechanical behaviour obtained in the 
consolidated ODS steels that exhibit this bimodal grain distribution. The combination of the UF 
grains and the micrometric grains results in an enhanced equilibrium between high strength and 
ductility. In this heterogeneous grain distributions, strength is partially increased thanks to the 
ability of the UF grains to block dislocations, while the coarser micrometric grains guarantee a 
higher strain prior to fracture, thus improving the ductility [108]. 

1.4.5.-Mechanical behaviour 
As stated previously, the existence of a highly dispersed distribution of nanometric particles in 
the ODS FS, grants them an extraordinary mechanical behaviour at room and, more remarkably, 
at elevated temperatures (600-700 °C). The exceptional pinning effect that these precipitates 
exert on the dislocations provokes unique increments in mechanical properties both at room and 
high temperatures such as the yield stress (YS, as reported by Serrano et al. in Figure 1.8), ultimate 
tensile strength (UTS) and creep strength [109,110]. 

 
Figure 1.8: Dependence of yield strength with temperature in ODS ferritic steels developed within the GETMAT 

European project [111] 

However, as expressed just before in 1.4.4.- Macro and microstructure. NFA microstructure, a lack 
of ductility and toughness is often reported in these steels and, thus, a proper balance must be 
achieved [112]. This balance could be achieved by consolidating the MA powders by SPS, due to 
the formation of the previously described heterogeneous bimodal grain size distribution, which 
ensures an adequate combination of high strength and ductility [108,113]. The addition B also 
could help in this, by inhibiting an excessive coarsening of M23C6 carbides, which may reduce the 
notch impact toughness of the steels. However, this effect is still under discussion [114]. 



Chapter 1: Introduction and state of the art 

24 

Regarding the behaviour of these alloys against creep§ several investigations have been carried 
out, all of them remarking the excellent reinforcement attained by the ODS steels when a 
homogeneous and fine distribution of precipitates was achieved. Commercial ODS ferritic steels 
analysed by uniaxial creep tests show some remarkable results at 650 °C such as the MA957 (14 
%wt. Cr designed by INCO) which achieved rupture times of about 3500 h [109], or the GETMAT 
14Cr ODS that endured creep up to 2900 h [115], or other ODS 14Cr steels recently developed 
which reached rupture times higher than 15000 h in some cases, depending on the applied stress 
[116]. 

1.4.6.-Interactions with metallic coolants 

Another essential feature to study in the development of ODS FS is their compatibility with the 
metallic coolants of the Gen IV powerplants, specifically the liquid lead-bismuth eutectic (LBE). 
Within the different approaches considered to cool down effectively the nuclear reactors, one of 
the most promising ones is the use of the LBE, which shows multiple benefits and advantages 
such as its high boiling temperature, low viscosity, proper heart transfer, low melting point and 
elevated spallation neutron [117]. Nevertheless, its use also involves certain issues, being the 
most important the corrosion (due to dissolution and reactions at the liquid-solid interface, Figure 
1.9) and degradation endured by the structural ODS steels. 

Several investigations have dealt with these phenomena: Takaya et al. studied the formation of 
oxide protective Cr and Al-enriched layers in 14Cr steels when the Al content was superior to 3.5 
%wt. [118,119]. Works performed by Hojna et al. [120] or Hosemann et al. [117] showed the 
evolution, compositionally and morphologically, of the interface between the LBE and several 
commercial ODS steels like the MA957, PM2000 or the 14YWT. 

 
Figure 1.9: Corrosion mechanism of the ODS FS in presence of Pb and Pb-Bi alloy as metallic coolants 

Additionally, Wang et al. developed a review summarising alternative strategies employed to 
improve the corrosion resistance of the ODS steels against the aggressiveness of the LBE, such as 
the employment of surface treatments able to protect the steels [121]. 

1.4.7.-Oxidation resistance 

Finally, because ODS FS have to endure and work within HT environments (>500 °C), the 
assessment of the oxidation resistance must be performed. The oxidation behaviour and the 

 
§ See 1.3.3.-ODS creep resistance for further information 
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oxidation rate will depend on many factors, such as, temperature and time of exposure, steels’ 
composition, gas composition and partial pressure, etc. Several reaction kinetics can be involved 
in the oxidation process (Figure 1.10), being the parabolic kinetics the most common one in the 
formation of oxide layers. Due to the increasing thickness of the oxide layers as time advances, 
diffusion of O2- ions is directly decreased and thus, a parabolic behaviour is observed. This 
reaction rate can be described through Eq. 1.9: 

Where 𝑥 is the oxide’ thickness or mass gain, 𝑘  is the parabolic rate constant, 𝑡 is time and 𝐶 is 
a constant. 

 
Figure 1.10: Oxidation reactions rates in metals [122] 

Similarly to what happened with the metallic coolants, the ODS FS containing high Al contents 
exhibited an improved behaviour against oxidation, as both Cr and Al effectively created 
protective oxide layers at the surface of the steels and so, the steels displayed parabolic kinetics 
in their mass gain vs. time plots [123,124]. Besides, the presence of Zr as an oxide former 
enhances the protective Al2O3 layer because it prevents excessive precipitation of Al-containing 
nano-oxides, and so, this element improves the adhesion of this scale when enough oxygen is 
present in the steels (Ex. O) [125]. 

  

𝑥 = 𝑘 · 𝑡 + 𝐶 (Eq. 1.9) 
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2.1.-Motivation 
The current world’s energetic situation affronts serious challenges to ensure electricity availability 
globally while avoiding its undesired catalysing effect over the climate change phenomenon. 
Because day by day, advanced economies, emerging markets and developing nations are 
requiring more and more access to electrical power, energy production needs to be able to satisfy 
this demand. However, nowadays, this energy production is heavily dependent on the use of fossil 
fuels, which, apart from being limited, are prejudicial to the environment due to their associated 
emission of greenhouse gases, primarily responsible for global warming. 

To assess this problem, renewable energies have risen in the last years, but their complete 
application is still far from fruition. Thus, nuclear power would be helpful for this energy transition 
from fossil fuels to sustainable power production, together with the development of high-
efficiency, low CO2 generation powerplants. 

For these reasons, it is essential to design and improve the materials that will embody these 
advanced powerplants in terms of efficiency, security, and durability. The oxide dispersion 
strengthened (ODS) ferritic steels have been selected in this thesis work as the materials that 
better fulfil these requirements due to their enhanced mechanical behaviour at both room and 
high temperature (HT), corrosion resistance and irradiation stability. 

These characteristics of the ODS steels are provided mainly through its stainless behaviour and 
through the homogeneous finely dispersed nanometric oxides incorporated into the ferritic 
matrix, which improve the mechanical properties by precipitates strengthening. This is achieved 
by selecting the adequate composition of the steels and by applying a suitable manufacturing 
process to them, thus, obtaining a tailored microstructure able to provide a promising 
performance as candidates in future energy production. 

From a compositional point of view, the selection of the alloying elements and their proportion 
has to be adequate so that all of them fulfil their purpose. Being Fe the main element, Cr will 
ensure a BCC ferritic structure that will more properly withstand the irradiation damage. Besides, 
the Cr and Al will provide excellent corrosion and oxidation resistance. The addition of other 
elements like Y, Ti, or Zr will guarantee the precipitation of the nano-oxides that, together with 
the presence of W will secure a remarkable mechanical behaviour at high temperatures. 

Furthermore, the inclusion of these oxide formers as a whole unique compound, labelled as Y-Ti-
Zr-O, has been investigated in this thesis work. Adding these elements in this way allows for a 
more precise control on the oxides’ composition compared with the addition of these elements 
as pure. 

The effect of B on the steels has also been studied. This element can segregate at grain boundaries 
and improve the creep properties of the steels, so although its detection is primarily difficult, it is 
possible to observe the effect that it produces in the mechanical performance. 

On the other hand, the processing route heavily influences the final microstructure obtained; the 
selection of powder metallurgy (PM) manufacturing is primordial to attain microstructures and 
oxides’ dispersion impossible to achieve otherwise. Moreover, the selected route in this 
investigation avoids the operation of extra processing steps that would increase the overall cost 
by bypassing post-heat treatments compared to other processing routes already implanted in the 
industry. 
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The powders have been mechanically alloyed (MA) to segregate them and induce an elevated 
plastic deformation degree on them, increasing the dislocations density. The next step has 
consisted in consolidating the powders using spark plasma sintering (SPS), sintering the powders 
with elevated densifications and avoiding excessive grain growth. 

In summary, the main motivation of this work is to assess the creep behaviour of the developed 
ODS steels at HT. Because the creep phenomenon is a common condition in the components 
where the ODS steels will take part, the analysis of their creep behaviour must be performed to 
check their validity as elements in the powder production industry. Features like the time to 
rupture or the strain rate have been identified in the manufactured ODS steels through small 
punch creep tests (SPCT) which provided reliable data while using limited amounts of steels. 

2.2.-Objectives 
The work developed in this PhD thesis work has focused on the production and characterisation 
of new compositions of ODS ferritic steels, which have been contrasted against a reference ODS 
steel. The strategy has focused on the addition of different elements that, in conjunction with the 
processing will condition the final microstructure and, thus, the final mechanical properties. 

Essentially, the objectives’ attainment has been done through the analysis of the grain 
microstructure, nano-oxides distribution, and dislocations density. Whereas the hardness, tensile 
and creep properties have been studied regarding the mechanical performance at room 
temperature and HT. Finally, the surface stability of the steels has been assessed by testing their 
oxidation resistance and their compatibility with metallic coolants. 

Therefore, the objective can be structured into milestones and tasks that have been followed 
throughout the development of the investigation: 

The first essential milestone is the processing of the ODS steels; in this case four different 
compositions have been manufactured. Thus, to verify whether the steels have been developed 
correctly or not, these objectives are requested: 

 Validation of the PM route designed to manufacture the ODS steels. 

 Synthesis of a compound (Y-Ti-Zr-O) that could act as a carrier of the oxides’ formers using 
a co-precipitation method. 

 Examination of the grain microstructure and the nanometric precipitates size, 
morphology and composition, by detecting changes when adding Y-Ti-Zr-O and/or boron. 

Once the microstructure has been analysed, the mechanical behaviour achieved by the new 
formulations is addressed:  

 Evaluation of the mechanical properties at RT through hardness, tensile and small punch 
(SP) tests. 

 Achievement of an elevated strength/toughness ratio that could improve the ductility of 
the steels. 

 Study of the mechanical and creep performance at HT of the different ODS steels 
compositions performing SP tests and small punch creep tests (SPCT). 
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 Assessment of the strengthening mechanisms involved in the overall strength of the 
steels. 

However, because these steels are candidates for extreme conditions where they are not only 
exposed to high or intermediate temperatures, and because they may also be in contact with 
liquid metals for cooling, then these specifications must also be considered: 

 Microstructural and compositional examinations of the oxide layers formed during the 
oxidation tests at HT to validate their protection effectivity. 

 Compatibility of the developed ODS steels with the Pb and Pb-Bi alloy metallic coolants. 

A schematical representation of the methodology followed in this thesis work is observable in 
Figure 2.1. 

 
Figure 2.1: Course of action taken in this research to develop and characterise promising ODS ferritic steels 

 

  



Chapter 2: Motivation and objectives 

42 
 

 



  

Chapter 3 
Materials and experimental procedure  
 



  



Chapter 3: Materials and experimental procedure 

 

3.1.-Processing route and characterisation of the ODS steels ...................................................... 47 

3.2.-Raw Materials ........................................................................................................................ 48 

3.3.-Synthesis of the complex oxide Y-Ti-Zr-O .............................................................................. 49 

3.4.-Milling process ....................................................................................................................... 50 

3.4.1.-Study of the particles’ features ....................................................................................... 51 

Particles’ size distribution by light diffraction measurements ................................................. 51 

Powders morphology and microstructure characterisation by SEM examinations ................. 52 

Analysis of the evolution of the crystallites’ size and the induced microstrain with the milling 
time (by XRD analyses) .............................................................................................................. 52 

Chemical analysis of the milled powders, determination of the interstitial elements ............. 53 

3.5.-Steels consolidation by spark plasma sintering ..................................................................... 53 

3.6.-Microstructural characterisation of sintered ODS-steels ...................................................... 54 

3.6.1.-Assessment of the grain microstructure (SEM) .............................................................. 54 

3.6.2.-Assesment of the precipitates and the nanostructure (TEM) ........................................ 56 

3.7.-Mechanical evaluation of the ODS steels .............................................................................. 57 

3.7.1.-Microhardness at RT ....................................................................................................... 57 

3.7.2.-Microtensile tests at RT .................................................................................................. 57 

3.7.3.-Small punch tests (SPT) at RT and HT ............................................................................. 58 

3.7.4.-Small punch creep tests (SPCT) to evaluate the creep properties ................................. 59 

3.8.-Assessment of the ODS steels’ surface stability .................................................................... 60 

3.8.1.-Oxidation tests at HT ...................................................................................................... 61 

3.8.2.-Study of the interactions in the metallic coolants/ODS steels interface ........................ 62 

Bibliography .................................................................................................................................. 64 

 

 

  



 



Chapter 3: Materials and experimental procedure 

47 

3.1.-Processing route and characterisation of the ODS steels 
The developed work in this investigation has focused on the study of different oxide dispersion 
strengthened ferritic steels (ODS FS), each of them having different compositions with the aim of 
exploring how different oxide formers and alloying elements would influence the final mechanical 
behaviour of the steels. For this reason, 3 ODS steel compositions have been developed using a 
powder-metallurgy route and compared with a base ODS reference steel widely studied in 
previous investigations [1,2]. Boron was a key element in this thesis due to its effect on the 
mechanical properties, thus, two of the processed steels have contained this element for the 
study of its addition on the final mechanical performance. Additionally, a complex compound (Y-
Ti-Zr-O) containing the oxide formers/precursors beforehand has also been prepared for its 
inclusion in two of the materials as well. 

The study has followed the same methodology, which can be observed schematically in Figure 
3.1, starting with diverse powders, which have been mechanically alloyed (MA) and consolidated 
by spark plasma sintering (SPS).  

 
Figure 3.1: Scheme of the experimental procedure of ODS processing and characterization 

The ODS steels’ microstructure, mechanical properties, and superficial chemical stability have 
been evaluated to validate their performance and capability to be applied in powerplants 
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components. In this section, the selected techniques to manufacture and to examine the obtained 
materials in their different processing stages, have been described. 

3.2.-Raw Materials 
With the objective of studying how the composition of each oxide dispersion strengthened ferritic 
steel (ODS FS) would affect the final microstructure and mechanical properties of the materials, 
a total of 4 ODS steel compositions have been developed. These ODS steel compositions are 
exposed in Table 3.1¡Error! No se encuentra el origen de la referencia.. 

*Two batches of Y-Ti-Zr-O have been synthesised, but in both compositions the added amount attained a 
0.6%wt Zr in the steels. 

Following the steps of previous investigations and works developed in the research group [3–7], 
a ferritic prealloyed powder (Fe-14Cr-3W-5Al) has been mechanically alloyed (MA) with other 
powdered elements and compounds, depending on the desired final composition, and then 
consolidated by spark plasma sintering (SPS). In this work, a nanometric powder which would act 
as a precursor for a better oxides’ precipitation has been synthesised in the lab (Y-Ti-Zr-O). Other 
starting powders used in this work were pure powders of Y2O3, Ti or B. The powders 
characteristics can be checked in Table 3.2. 

Table 3.2: Characteristics of the powders used in this work 

Powder Composition (wt.%) Manufacturer/Supplier Mean size 

Prealloyed Fe-Cr-W-Al Fe-14Cr-3W-5Al Sandvik Osprey 30 µm 

Y2O3 0.25 TJ Tech. & Mater Inc. 7 µm 

Ti 0.4 GfE Gesellschaft 50 µm 

B 0.1 Goodfellow 0.9 µm 

Y-Ti-Zr-O 1.62/1.97* In home production 20 nm 

*This powder was synthesised two times, with different Zr content, nevertheless, in all cases it was added 
to achieve a 0.6 %wt. in Zr in the steels. 

Table 3.1: Compositions (%wt.) of the processed ODS ferritic alloys 

Prealloyed     
(% wt.) 

Oxide formers (%wt.) 
Complex oxide 

(%wt.) 
Other alloying 

elements (%wt.) 

Fe Cr Al W Y2O3 Ti Y-Ti-Zr-O B 

14Al-Ti-ODS Bal 0.25 0.4 - - 

14Al-Ti-ODS-B Bal 0.25 0.4 - 0.1 

14Al-X-ODS Bal - - 1.62* - 

14Al-X-ODS-B Bal - - 1.97* 0.1 



Chapter 3: Materials and experimental procedure 

49 

Figure 3.2 shows the morphology and sizes of the starting powders used to develop the ODS 
ferritic steels. A spherical shape has been appreciated in both the prealloyed powders (Fe-14Cr-
3W-5Al) and the titanium elemental powders (Ti), which revealed their manufacturing by air 
atomization. Besides, these powders have shown a heterogeneous size distribution in which the 
spheres’ diameters have varied from 10 to 50 µm. Regarding the Yttria powders (Y2O3), an 
irregular morphology has been observed, together with smaller particle sizes. Finally, the boron 
powders (B) have exhibited the tiniest particle sizes (around 1 µm), thus, giving rise to the 
formation of clusters of these low size reactive powders. 

 

 
Figure 3.2: SEM images of the starting powders 

3.3.-Synthesis of the complex oxide Y-Ti-Zr-O 
A co-precipitation method has been selected to produce the complex oxide Y-Ti-Zr-O responsible 
for the improved precipitation of the nano-oxides during the consolidation step by SPS. The 
objective has focused on the production of environments inside the steels enriched in oxide 
formers elements such as Y, Ti or Zr, consequently, these environments would be highly dispersed 
due to the MA performed during the milling process, and so, would enhance the precipitation of 
nano-oxides with the desired compositions, attaining a better control over the composition of the 
precipitates. 

The synthesis of Y-Ti-Zr-O has started by preparing three different solutions of yttrium nitrate 
(Y(NO3)3-6H2O, titanium isopropoxide (Ti(OCH(CH3)2)4) and zirconium n-butoxide (Zr(OCH(CH3)3)4), 
all of them have been diluted in a volume of 5 mL of isopropanol to avoid a premature 
precipitation of the components. Later, the starting solutions have been introduced dropwise in 
an aqueous solution with a maintained 10 pH (using NH4OH for this purpose), stirring 
continuously at room temperature the whole process. 
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The moment the initial solutions have touched the alkaline aqueous solution, precipitates of Y, Ti 
and Zr and mixed compounds of the same elements have formed as small white powders. These 
co-precipitation processes would last a time of 1 h in order to precipitate all the starting solutions. 

Afterwards, aiming to remove all the organic impurities and residues, the precipitated powders 
(around 6 g) have been filtered out and washed several times with distilled water and mixtures 
of ethanol/methanol at similar concentrations. Cleaning them with ethanol/methanol have 
separated more effectively the organic compound from the nano-oxides powder, as alcohols have 
lower surface tension than water, reducing the surface tension forces at contact points and 
promoting a weaker agglomeration [8]. 

Finally, the powders have been dried in a hot plate and pyrolised at 700 °C for 1 h to eliminate 
any residual carbon. To crystallise the powders and stabilise their microstructure, an additional 
heat treatment has been applied to the powders, which has consisted in heating up the furnace 
to a temperature of 850 °C for 30 min, using a heating rate of 10 °C/min in air atmosphere. A 
scheme of the process can be observed in Figure 3.3. 

 

Figure 3.3: Synthesis of the Y-Ti-Zr-O complex oxide 

3.4.-Milling process 
In this first stage of the processing of the ODS ferritic steels, a proper dispersion of the oxide 
formers and/or boron within the prealloyed powder had to be obtained. To achieve this, the 
starting powders have been introduced in a high energy Attritor mill (Simoloyer Zoz CM01, Maltoz 
software), to apply a mechanical alloying (MA) to the powders, which would induce an elevated 
amount of plastic deformation, create several dislocations in the powders, and strengthen them. 
This type of mill has been selected to attain a better control over the atmosphere and the 
temperature during this stage. 

To certify an appropriate MA of the powders, different parameters could be altered in the milling 
stage, being the most important: the effective milling time, the rotation speed of the rotor inside 
(rpm), the balls to powder ratio, the atmosphere inside the vessel, and the temperature of the 
process. Additionally, external contamination from the grinding media had to be kept to the 
minimum, therefore, an AISI-420C stainless steel was selected as the material used for the milling 
components such as milling balls, rotor, and vessel of the mill. Furthermore, to limit the presence 
of interstitial elements inside the powders like oxygen or nitrogen, a controlled inert Argon 3X 
(99.997% purity) atmosphere was used for this purpose together with various vacuum purges 
before the start of the milling. 

The rest of the selected parameters can be observed in Table 3.3 and Figure 3.4: 
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Table 3.3: Milling parameters used in the processing of the ODS steels 

 Rotation speed 800 rpm  

 Effective milling time 40 h  

 Balls to powder ratio 20:1  

 Resting time 15 min  

 
Figure 3.4: Milling cycles used in the milling of the powders. 

3.4.1.-Study of the particles’ features 

The optimization of these milling parameters has been performed by examining the milled 
powders, using techniques such as particle size measurements, electronic microscopy or X-ray 
diffraction analysis. 

Particles’ size distribution by light diffraction measurements 

With the objective of studying the particles’ size distribution, a DLS Mastersizer 2000 (by Malvern 
Instruments Ltd.) has been used in accordance with the ISO13320. The equipment had installed a 
wet sample dispersion unit Hydro SM (by Malvern Instruments Ltd.) where the measurements 
have been acquired in an aquatic medium.  

The operational basis of this technique has consisted in taking a scattering pattern from a field of 
particles once a laser light beam had passed through them, this is, by analysing the light intensity 
angular variation of the powders. Therefore, the powders have been prepared by mixing them in 
an ethanol solution (which in this work has demonstrated to be a better dispersant than water) 
and dispersed thoroughly using ultrasound equipment for 15 min. Once the powders had been 
prepared, they have been analysed. 
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The experiments have been performed a total of three times for each ODS FS milled powders to 
have a better accuracy in the obtained results, delivering, this way, an average measurement of 
the particles’ size distribution of the powders. 

Powders morphology and microstructure characterisation by SEM examinations 

A FEI-SEM Teneo with EDS (Energy Dispersive Spectroscopy) microscope has been used to study 
the size, morphology, and microstructure of the powders before and after the milling process. To 
study the size and morphology, the powders have been carefully deposited on a carbon film. 
However, if the powder’s inner microstructure has to be examined, these have to be mounted in 
an epoxy resin, ground, and polished to better observe the cross section of the powders and the 
grains inside. 

Analysis of the evolution of the crystallites’ size and the induced microstrain with 
the milling time (by XRD analyses) 

As the final performance of the ODS steels has principally depended on the obtained 
microstructure of the consolidated samples, similarly, this microstructure has had a remarkable 
influence from the MA of the milled powders. To verify that a proper milling stage has been 
performed, some crystallographic parameters like the crystallite’s size, microstrain or 
dislocations’ density have been investigated and discussed. 

Using X-Ray diffractograms, the crystallographic parameters of the powders could be studied, 
specifically, the ones that have provided the most important information about how the powders’ 
microstructure has evolved during the milling process: the crystallites’ size and the internal 
microstrain variations. The diffractometer used in this investigation has been an X’Pert Phillips 
equipment which has applied a Cuα radiation. The experiments have been conducted in a 2θ range 
from 35° to 90° with a step size of 0.02, and a step time of 2.4 seconds per step. 

To evaluate the crystallographic parameters, these approaches have been selected: 

For the calculus of the crystallite’s sizes of the powders, the Scherrer method has been applied, 
where a mathematical correlation between the crystallite’s size, the Bragg angle (𝜃) of the main 
peak in the diffractogram, and the full width at half maximum intensity (FWHM) are provided by 
the Eq. 3.1: 

𝛽 =
𝐾 · 𝜆

𝐿 · cos 𝜃
 (Eq. 3.1) 

Where 𝐿 is the crystallite’s size, 𝛽 is the FWHM, 𝐾 is the dimensionless shape factor approximated 
to 0.9, and 1 is the wavelength of the X-ray radiation used in the XRD. 

The microstrain values (%) have been calculated using the following equation (Eq. 3.2): 

𝛽 = 4 · 𝜀 · tan 𝜃 (Eq. 3.2) 

However, to evaluate an average microstrain value (𝜀), the Williamson-Hall equation has been 
selected (Eq. 3.3). This alternative method has allowed a more precise estimation of the 
microstrain because it has considered all the major peaks in the diffractogram and not only the 
most intense: 
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𝛽 · cos 𝜃

𝜆
=
0.9

𝐿
+ 2 · 𝜀

sin𝜃

𝜆
 (Eq. 3.3) 

In this family of steels, dislocations’ density has been a critical factor that could explain the 
mechanical response of the material. The next equation has been considered to calculate this 
parameter: 

𝜌 = 14.4
𝜀

𝑏
 (Eq. 3.4) 

Where 𝜀 is the microstrain and 𝑏 the Burgers vector (considered as 𝑎 · √3 2, calculating the 
experimental value of 𝑎 from the XR data). 

Chemical analysis of the milled powders, determination of the interstitial elements 

During the milling process, powders have suffered an elevated number of collisions with balls at 
high rotational speed, thus, they have become highly reactive and feasible to collect interstitial 
elements, such as O and N. Moreover, C contamination coming from the grinding media and 
atmosphere has been another parameter to control because this element can react and form 
carbides with alloying elements such as Cr or Ti that, in the end, would inhibit their original 
purpose and affect other properties such as the corrosion resistance and the hardness, 
conditioning the particles’ evolution. To evaluate the quantity of these elements inside the milled 
powders, LECO TC-500 and LECO CS-200 have been operated. 

To analyse O and N, the sample (300 mg) has been deposited in a graphite crucible and introduced 
into a specific furnace of the LECO equipment. After fusion, C from the crucible reacted with the 
O liberated by the sample, forming as a result CO and CO2. Besides, N has been released as 
molecular N2 and measured. He, which was flowing inside the LECO system, has dragged these 
compounds to an infrared cell which has measured the O and N content. 

To measure the carbon content, the sample (500 mg) has been deposited in an alumina crucible 
and after that has been fused in an induction furnace inside the LECO CS-200 furnace. Besides, to 
achieve the right temperature to attain combustion it has been necessary to add an accelerator 
agent (Lecocel II, from LECO instruments) which helps to fuse the powders sample. The flowing 
O2 inside the equipment has produced CO as soon as C has reacted with it. At the same time, O2 
has dragged up CO to an infrared cell in which the C amount has been measured. 

3.5.-Steels consolidation by spark plasma sintering 
The milled powders have been consolidated using the spark plasma sintering (SPS) technique, 
which has been widely studied and applied on ceramic and metallic powders in recent years. The 
SPS has consolidated the powders placed in a graphite matrix, simultaneously applying uniaxial 
pressure and a pulsed electrical direct current (DC). The Joule’s effect provoked by the applied 
current has provided the necessary heat that has activated the mass diffusion phenomena that 
have taken place in the contact points between the powders’ particles [9,10]. With SPS 
consolidation the main objective has been to achieve a full densification of the powders while 
avoiding an excessive grain growth. For this, several parameters could be altered, being the most 
relevant the following ones: sintering temperature, heating rate, pressure and holding time. 

In this work, a FCT system GMBH equipment has been used to consolidate the powders, this 
processing stage took place in the CINN institute in Asturias, Spain. The selected parameters used 
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in this work are visible in Table 3.4 and have been previously optimized in another investigation 
developed by Macía et al. [5] in which similar ODS FS have been processed. 

Table 3.4: SPS consolidation parameters used in the processing of the ODS steels. 

 Sintering temperature 1100 °C  

 Heating rate 400 °C/min  

 Pressure 80 MPa  

 Holding time  5 min  

Additionally, to avoid carbon contamination from the graphite die, a high-purity (>99.97 %wt.) 
tungsten foil has been employed for the time the sintering process has taken place to create a 
barrier between the die and the powders. Subsequently, the milled ODS powders have been 
placed into a 20 mm cylindrical graphite die and heated in vacuum (10-2-10-3 mbar). 

To determine the final microstructure attained after the consolidation of the steels, different 
evaluation techniques have been performed. The examination of these microstructures has been 
helpful to better understand the mechanical behaviour of the ODS steels at room and high 
temperature. For this reason, techniques like XRD, SEM, electron backscatter diffraction (EBSD) 
maps, or TEM have been used to microstructurally evaluate the developed ODS FS. 

3.6.-Microstructural characterisation of sintered ODS-steels 
When understanding the mechanical behaviour, it is essential to fully characterise the 
microstructure of all developed steels. For this purpose, examinations by X-Ray diffraction (XRD) 
and scanning and transmission electronic microscopy (SEM and TEM techniques) have been 
accomplished, along with EBSD and EDX analyses, that have provided a proper characterisation 
of the grains and precipitates of the steels.  

As seen with the milled powders (see 3.4.1.-Study of the particles’ features/Analysis of the 
evolution of the crystallites’ size and the induced microstrain with the milling time (by XRD)), the 
crystallographic parameters of the powders have been studied to check the dislocations’ density 
of the ODS FS after consolidation. Overall, the same procedure explained previously has been 
followed with the sintered samples, although, for a better acquisition of the X-ray diffractograms, 
the sintered samples have been ground and polished until a mirror-like surface has been 
achieved. 

3.6.1.-Assessment of the grain microstructure (SEM) 

The main goal has been to investigate the grains’ morphology and size after the consolidation of 
the powders has been achieved; other objectives have been the inspection of carbides in the 
microstructure and the certification of a full densification in all ODS FS samples. Therefore, to 
examine the grain microstructure of the consolidated ODS FS, equipments such as a FEI-SEM 
Teneo, or a Zeiss Ultra 55 Plus SEM equipped with a System Channel 5 EBSD detector (Electron 
Back-Scatter Diffraction) from Oxford instruments, have been employed. 
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The samples have been mounted on an epoxy resin, ground, and polished up to 0.03 µm silica. In 
the case of the samples analysed with the EBSD detector, an extra step has been taken to prepare 
them: these have been electropolished afterwards with a Struers Tenupol equipment, making use 
of the A3 electrolyte (Struers). 

To determine the proper densification of the powders once they have been consolidated by SPS, 
an examination by means of image analysis and treatment has been conducted using the ImageJ 
software (freeware, developed by National institutes of Health, NIH). Several images have been 
inspected focusing on the detection of pores and, in the same way, the evaluation of the relative 
density in several SEM images over a total area of 10000 µm2 for each of the consolidated ODS 
steels. 

The EBSD examinations have allowed an extensive characterisation of the grain microstructure 
by determining the grains’ size distribution, the grains’ orientation and their misorientation maps 
[11]. In this technique, an electron beam is applied on a sample tilted at high angles (70-75°) and 
is moved point by point in a grid of positions, provoking that part of the electrons backscatter so 
that the EBSD detector can collect them. The electrons able to fulfil the Bragg’s equation diffract 
and create the so-called Kikuchi bands, which are analysed by the software by comparing them 
with all the possible representations from the pre-set phases. In the end, every orientation 
information from every analysed position in the grid is represented in a colour pixel that all 
together form an inverse pole-figure (IPF) Map (Figure 3.5). The IPF maps have delivered 
information about the atomic lattice planes existing in the material. 

The selected parameters in the EBSD acquisitions have been the following ones: 750-1000x 
magnification, 15 kV, 5.5 nA, 4x4 high resolution, and a step size of 150 nm. Low miss-orientation 
angles range (2-5°) and a minimum grain size of 5 pixels/grain have been selected to better 
differentiate the low angle grain boundaries, while for the high angle grain boundaries, the 
chosen limit angle was >10°. The mean grain size areas of both the micrometric and ultra-fine 
grains have been analysed separately by evaluating them with respect to their area fraction. 
Considering that the grains were rectangles with a long and a short side, their aspect ratio and 
grain size have been calculated following the ASTM-E2627 standard for average grain size’s 
determination using EBSD maps. 

 
Figure 3.5: Set-up and acquisition principles in EBSD measurements in a polycrystalline material [12] 



Chapter 3: Materials and experimental procedure 

56 

3.6.2.-Assesment of the precipitates and the nanostructure (TEM) 

The observations of the ODS FS by TEM have been a key factor to take into account. Due to its 
effectiveness at inspecting the dispersed nano-precipitates formed during the consolidation 
stage, TEM examinations have been essential to determine their composition, sizes, location, 
distribution, and structure. 

The preparation of the samples has consisted of preparing 3 mm diameter discs that have 
mechanically ground and polished with silica 0.03 µm. Once a final thickness of 100 µm had been 
attained for all the discs, they have been electropolished using a Struers TEM Tenupol equipment; 
in this final thinning of the samples, two flows of 5% perchloric acid in methanol solution have 
been applied simultaneously on both sides of the discs at -25 °C while a 22 mV voltage current 
has been employed. The objective has been to create a minuscule hole with surroundings thin 
enough that enable the transmission of electrons from the TEM equipment and, thus, the 
attainment of a proper image from the examined area. 

A FEI Talos F200x TEM equipment has been operated to perform the examinations, using different 
modes of operation like scanning-transmission electron microscopy (STEM), which in conjunction 
with a high angle annular dark field detector (HAADF) has created and analysed the EDX 
compositional mappings of the precipitates where the elements’ distribution of Y, Ti, Al, W, O, 
and/or Zr could be distinguished. Besides, bright field (BF) and weak beam dark field (WBDF) 
detectors have been put to use to analyse the size, morphology and distribution of the 
precipitates and oxides found in the steel’s grains microstructure (both inside them and in the 
grain boundaries). 

The precipitates size distributions have been developed by measuring the precipitates’ sizes in 
the TEM images at high magnifications with the free image analysis software JMicrovision. At 
least, 1000 precipitates have been inspected for each steel specimen. 

Thanks to the collaboration with the CIEMAT research institute, it has been possible to evaluate 
the thermal stability of processed ODS FS by in-situ TEM annealing technique, which has been 
developed employing a JEOL JEM 2010 TEM equipment equipped with a special holder that allows 
for the heating of the samples up to temperatures close to 1000 °C. In this case, TEM samples 
have been prepared from a 3 mm diameter disc, thinned to 100 µm, and finished by electro 
polishing. The experiment has been designed to achieve a final temperature of 550 °C, following 
the thermal cycle described in Figure 3.6. 

 
Figure 3.6: Thermal cycle of the in-situ TEM annealing 
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The final achieved temperature has been 550 °C, because once this threshold is surpassed, a 
degradation of the analysed surface takes place and the TEM examinations cannot correctly 
detect the steels by losing clearness in the images. 

3.7.-Mechanical evaluation of the ODS steels 
Several types of mechanical properties have been investigated to define the mechanical 
behaviour of the ODS FS at room and high working temperatures. The objective has been to 
observe how the microstructures of the consolidated materials have affected the final mechanical 
properties of these, and so, extract conclusions on the possible strengthening mechanisms 
present in the steels, such as hardening by dislocations, by precipitates, or by the grain 
microstructure, among others. 

3.7.1.-Microhardness at RT 

With the objective of testing the resistance of the steels to plastic deformation, microhardness 
tests have been carried out in all the ODS FS compositions. Using a Zwick Roell Microhardness 
equipment (by Indentec Hardness Testing Machines Limited, United Kingdom) the measurements 
have been performed in embedded samples that, beforehand, had been ground and polished to 
reach a mirror-like surface. A load of 1.96 N (HV0.2) has been applied in a total of 20 
measurements, 10 in the centre of the sample and 10 more in the outer part of the considered 
section, following the UNE-EN ISO 6507-1:2006 standard to have a better precision on the results. 

3.7.2.-Microtensile tests at RT 

Due to the size of the consolidated samples, tensile tests have been performed on miniature 
tensile bone samples to analyse their mechanical behaviour at RT [13]. Although these tests are 
not normalized, they are appropriate to study and compare mechanical properties such as the 
yield strength (σy), the ultimate tensile strength (UTS), the toughness, or the strain to fracture (εf). 

A microtensile test machine (Kammarath and Weiss) has been used to carry these tests out, 
applying a maximum load of 10 kN and a displacement speed of 2·10-3 mm/s. The microtensile 
samples have been prepared by cutting them with the dimensions shown in Figure 3.7, later they 
have been ground to a final thickness of 1 mm, and polished to achieve a mirror-like surface. 

 

 
 

Figure 3.7: Tensile test samples’ dimensions prepared from the consolidated discs. Effective cross section 
of 1 mm2. 

20 mm
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Toughness in these tests has been a key parameter to investigate, as they have given meaningful 
information about the energy per unit volume that the samples could withstand before failure, 
hence, the considered units were MPa (J/m3). The toughness of every sample has been calculated 
by measuring the area under the stress-strain curves obtained for each test. From the beginning 
of the stress-strain diagram to the final fracture of the material, these curves have been 
mathematically integrated, delivering results that could be comparable with other ODS FS 
developed in previous works in the same group [3,5]. 

3.7.3.-Small punch tests (SPT) at RT and HT 

Lately, the small punch tests (SPT) have been considered for the determination of mechanical 
properties in materials used for the nuclear industry [14,15]. This methodology has allowed for 
the investigation of the brittleness and ductility at both RT and HT, and it has been very 
convenient when working with limited amounts of materials, as the technique utilises small discs 
of 3 mm diameter and 0.25 mm thickness. The test has been executed by placing the sample discs 
in a holder where a load has been applied with a ceramic ball of alumina at a determined test 
temperature (more details in Figure 3.8). This ball-punch eventually deforms the disc until it 
finally fractures, giving in return the typical load-displacement curves in these tests (Figure 3.8). 
Different strain regimes can be observed in these curves: 

I. Linear regime: initial elastic behaviour of the samples. 
II. Deviation of linearity: transition regime where the plastic strain starts. 

III. Deflection and load increment: the samples deform plastically, due to the work hardening 
the slope increases. 

IV. Plastic instability: the material achieves its maximum supported load and finally breaks. 

Depending on the ductile or brittle behaviour of the material, different fracture patterns have 
been observed (Figure 3.9). When the fractography has shown a circumferential fracture, it has 
indicated a ductile rupture of the material, while when it has exhibited a radial pattern, then a 
brittle behaviour has been denoted. 

 

 

Figure 3.8: Blueprint of the small punch test (SPT) device used in this work (left), Load-displacement 
curves obtained for the SPT (right) [16] 



Chapter 3: Materials and experimental procedure 

59 

 

Figure 3.9: Fractography of samples tested by SPT: a) Brittle material (Al2O3), b) ductile material 
(ferritic steel) [16] 

In this work, a total of 7 discs-samples per ODS composition have been prepared for their 
evaluation by SPT. The discs have been ground to a final step of 2000 reaching the thickness of 
0.25 mm. The tests have been performed at room temperature, 300 °C and 500 °C at the CIEMAT 
scientific institute in Madrid, Spain. Using a LVDP system positioned on the back part of the discs, 
the temperature and strain of the ODS compositions has been controlled. 

3.7.4.-Small punch creep tests (SPCT) to evaluate the creep properties 

The Small Punch Creep Tests (SPCT) have been performed to evaluate the creep behaviour of the 
processed ODS steels developed in this investigation. These technique has already been executed 
in ODS steels, ferritic-martensitic steels, and new alloys in previous works [17–21]. In comparison 
with the most commonly used uniaxial tests, the SPCT requires much less material to perform the 
tests, being that one of its best advantages. The basis of this technique consists in studying the 
creep properties of the tested samples by holding small discs of 8 mm diameter and 0.5 mm 
thickness, in which a ceramic ball (alumina) functioning as a punch applies a constant load at a 
constant temperature that is high enough so that the creep phenomena may take place (Figure 
3.10). 

Once the test has started, eventually the samples break, and the strain-time curves are obtained, 
enabling the study of the ODS steels creep behaviour by considering mainly two parameters: the 
deflection rate and the time to rupture. The deflection rate (µm/h) has provided information 
about the speed deformation: the lower it has been, the more enhanced creep resistance the 
ODS steels have exhibited. Analogously, the time to rupture (h) indicated the lifetime of the tested 
samples in working conditions, thus, a more elevated time to rupture has implied an improved 
behaviour against creep. 

In the strain-time curves (Figure 3.10) three creep regimes can be identified: 

I. Stage I: In this first stage, the strain has increased with time, decreasing the strain rate 
simultaneously. This can be explained due to the creation of new dislocations that 
ultimately have diminished the dislocations movement. 
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II. Stage II: This stage is characterised by a stationary state where the strain rate has 
remained constant. The creation of new dislocations induced by the applied load has 
been compensated by the annealing and recrystallisation processes of other dislocations 
due to the HT of the system, causing a stationary stage. This is the most important regime 
to study, because in this regime the strain rate has been the lowest, and thus, this 
parameter conditions the final performance of the materials in this creep process. 

III. Stage III: On this final stage, the strain rate has increased due to the appearance of 
necking and other phenomena that has led to the formation of cavities and cracks, 
fracturing in the end the samples. 

These tests have been carried out at the Helmhotz Zentrum Dresden-Rossendorf (HZDR) 
institute, in Dresden, Germany. The conditions used in this work to perform the SPCT have 
been the following ones: a temperature of 650 °C has been selected for all the tests, varying 
the applied loads (250-275-300 N) so that the creep properties could be studied. The discs 
have been prepared by grinding them to their desired thickness with a final step performed 
with a 1200 SiC paper to guarantee an equal roughness on all samples. An Ar atmosphere has 
been employed to avoid oxidation of the samples during the tests. 

Figure 3.10: Scheme of the SPCT equipment (left), strain-time curves typically obtained for the SPCT 
(right) 

3.8.-Assessment of the ODS steels’ surface stability 
The ODS steels have to work under aggressive environments where the conditions will enable the 
materialization of oxidation at HT processes, and will also facilitate that the metallic coolants 
employed in the forthcoming energy reactors degrade the surface of the ODS steels when they 
get into contact with them. Because all of this, it is mandatory to evaluate the surface’s stability 
of the ODS steels so that their performance cannot be compromised. Thus, two approaches have 
been considered to address the steels’ superficial behaviour: the analysis of the oxidation 
resistance at HT, and the examination of the lack of chemical or physical reactions between the 
metallic coolants and the ODS steels. In the end, both of these conditions can be handled if the 
steels are able to form a protective layer in their surfaces, which has also been evaluated with 
these techniques. 



Chapter 3: Materials and experimental procedure 

61 

3.8.1.-Oxidation tests at HT 

The oxidation tests have been performed using a furnace to simulate the harsh conditions where 
the oxidation phenomenon can take place. Although the ODS steels would have to withstand 
temperatures between 550-650 °C, to speed up the oxidation reactions at HT without altering the 
oxidation kinetics, the tests have been performed at 900 °C. 

Samples from all the processed ODS steels have been collected and prepared by grinding and 
flattening their surface up to a step of 4000 employing grinding paper. After preparation, the 
samples have been introduced into an oven at 900 °C with a high-volume chamber that could 
ensure O availability with air atmosphere and left for a total of 600 h, in this thesis work the 
employed furnace´s model has been a Carbolite Gero-RHF1400. Later, measurements of their 
weight have been performed using a high-precision 5-digit scale (New classic MS, Mettler Toledo). 
This way, the mass gain of the steels has been analysed regarding the oxides’ layers formed as 
the oxidation at HT occurred. 

 
Figure 3.11: Oxidation tests’ temperature and weight measurements 

Furthermore, to attain a higher precision in the results, two sets of pieces placed onto Zirconia 
balls in two alumina beds have been arranged for every ODS steel and weighed before the tests 
had commenced (the balls have maximised the contact of the samples with the hot air 
atmosphere). The samples of one of the sets have been weighed several times once the test had 
started following these time intervals: 6 h, 9 h, 24 h, 48 h, 72 h, 96 h, 174 h, 290 h, 400 h, and 600 
h since the beginning of the tests (Figure 3.11). The other tray of samples has been left inside the 
oven for 600 h and its correspondent samples have been weighed only at the end of the oxidation 
test. Later, by comparing the weighed mass in the two sets of samples it has been possible to 
confirm that the tests have been performed in a successful way. 

Finally, SEM and EDX examinations have been carried out to compositionally and 
microstructurally study the oxide layers formed on the surface of the cross section cut of the 
steels. 
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3.8.2.-Study of the interactions in the metallic coolants/ODS steels interface 

The compatibility between the ODS steels’ surfaces and the metallic coolants has been examined 
by means of wetting angle tests. These tests have measured the contact angle formed between 
the metallic coolants drops (Pb and Pb-Bi alloy) and the exterior of the ODS steels’ samples. 

Depending on the angle, different conclusions have been extracted, if the measured wetting angle 
was too high, then poor adhesiveness and wettability between the two materials were expected 
due to the low surface energy. This scenario would be the ideal for the ODS steels, as it would 
mean that the steels are inert to the metallic coolants. 

Samples have been prepared from all the developed ODS steels by grinding and polishing them 
until a mirror-like surface has been achieved. Later, these have been introduced into a furnace 
with a drop shape analyser attached to it (DSA10HT T1C model by the company KRUSS, GmbH 
Germany). Before the tests had started, three purges alternating low-vacuum and Ar 
atmospheres have been carried out to avoid the presence of O inside the furnace that would 
promote the formation of oxide layers. Once everything has been prepared, the wetting angles 
have been measured by melting the fragments of either Pb or Pb-Bi alloy which had been 
previously placed on top of the ODS steels samples.  

This melting of the metallic coolants has been accomplished by applying a ramp of 10 °C/min in 
the furnace with an inert Ar atmosphere until the final temperature has been reached (400 °C for 
pure Pb, and 250 °C for the Pb-Bi alloy, Figure 3.12), then, the drop analyser has recorded a video 
measuring the contact angles’ variations during the isothermal heating for 20 min at the 
correspondent temperature for each of the metallic coolants. In the end, by visualising the 
contact angle pictures extracted from the recorded video, the contact angles have been precisely 
measured with the ImageJ software (freeware, developed by Wayne Rasband, NIH). 

  
Figure 3.12: Heating cycle for the wetting angle tests  

In this case, as diagram of Figure 3.13 shows, the wetting process is determined by the interaction 
of the solid, liquid and vapour phases. The magnitude of the wetting angle  will depend on the 
balance between the interfacial energies. A non-wetting condition is defined when the value is 
higher than 90 °, as should be the case of the metallic coolants/ODS substrates [22]. The transition 
into a wetting state could only be possible for temperatures higher than 800 °C and under He-H2 
atmospheres (with a different oxygen partial pressure that would condition the features of the 
metallic coolant’s drop). 
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Figure 3.13: Wetting angle of the liquid metallic coolant on the ODS steel’s surface, adapted from [23] 

Eventually, proceeding just like in the oxidation tests (3.8.1.-Oxidation tests at HT), the interfaces 
between the metallic coolants and the ODS steels surfaces have been investigated in terms of 
composition and morphology using SEM images and EDX analyses. 
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4.1-Preamble to this chapter 
The results discussed in this chapter have been achieved according to the scheme depicted in (Figure 
4.1). This chapter explores the consequences on the microstructural development of different 
compositions of mechanically alloyed powders and, consequently, on the obtained properties. As 
indicated in 1.3.2.-Oxide particle’s formation and growth/Precipitate’s coarsening, the aim of Zr 
addition is to promote refinement of the final oxides and the improvement of the mechanical 
properties under high-temperature conditions. In this case, the content of Zr in the processed steels 
previously processed by E. Macía [1] has been reproduced and will be used to compare the results. In 
addition, the inclusion of boron is added to the composition to evaluate its effect on the properties. 

 
Figure 4.1: Analysis and discussion of the obtained microstructure in the manufactured ODS steels 

In this first section of the results, after synthesising the complex oxides powders by co-precipitation, 
the characterisation concerning the Y-Ti-Zr-O compound have been discussed. It is of particular 
relevance to know their features because the achievement of an ideal dispersion of the key elements 
(that later will form the nano-precipitates in the steels: Y, Ti or Zr) depends on features like the Y-Ti-
Zr-O’s size and composition. 

Then, the oxide-forming elements, which are the protagonists of ODS hardening, have been introduced 
by high-energy milling or mechanical alloying. Thus, the analysis of the milled powders has been 
examined for the different compositions approached, and the study of the milled powders has been 
disclosed. To validate the MA of the powders on the milling stage, different parameters have been 
calculated using the information provided by the X-ray diffractograms; the supervision of an optimal 
accumulation of dislocations is decisive to ensure an elevated hardening of the ODS FS. Also, the 
interstitial elements in the milled powders have been investigated mainly to control the C 
contamination coming from the high-milling process that may diminish its effect in corrosion 
resistance. 

Regarding the consolidated ODS steels, a characterisation of the ODS steels by means of XRD has been 
carried out. The main crystalline structure of the sintered steels has been displayed to confirm their 
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ferritic nature. Also, a study on the dislocations density and their strengthening contribution to the 
overall strength of the steels has been performed by calculating the crystallographic parameters. 

Soon after, the microstructure examination at a micrometric scale has been developed using electron 
microscopy. With SEM and EBSD explorations, the grain microstructure has been analysed, where 
features such as the grain size of the bimodal structure or the texture analysis, have been studied. 
Besides, the influence of B in the morphology of the detected carbides in the microstructure has been 
discussed. 

Lastly, the precipitated particles in these steels have been investigated. Their size, dispersion, 
composition, and thermal stability have been analysed using transmission electron microscopy (TEM) 
explorations. 

4.2.-Processing of powdered ODS steels 
One of the main strategies followed to develop stronger ODS steels has been the improvement of the 
nanometric oxides’ precipitation and dispersion in the steels’ inner grain microstructure, since these 
are responsible of interacting with the internal dislocations by blocking them and decreasing their 
ability to move, particularly at high working temperatures. Consequently, the ODS steels will exhibit 
an enhanced mechanical performance if an elevated quantity of oxides is precipitated and correctly 
dispersed. 

Taking this into account, the target has been to establish a method that increases the precipitation of 
the oxides and to have better control over their composition. For this, the idea has been to prepare a 
compound that could carry the oxide precursors elements (like Y, Ti or Zr), as a powder able to be 
introduced in the milling stage. This way, this compound would be highly dispersed and mixed with 
the other powders creating enriched environments in oxides’ formers that would be located inside the 
milled powders particles. These environments would later act as points where the oxides could 
precipitate more easily with the desired compositions during the consolidation stage, thus achieving 
increased oxides’ precipitation and distribution in the developed ODS FS. 

However, a strict control has to be carried out in the milled powders, as their proper mechanical 
alloying, and their induced plastic deformation are essential parameters to attain a satisfactory 
mechanical behaviour. Therefore, using different characterisation techniques like X-ray measurements 
or SEM, a suitable assessment of the powders has been performed during the milling stage. 

4.2.1.-Characterisation of the synthesised complex oxide Y-Ti-Zr-O 

As described in (3.3.-Synthesis of the complex oxide Y-Ti-Zr-O), the critical goal was to obtain a 
compound that would contain the elements responsible of forming the oxides of the ODS steels (such 
as Y, Ti and Zr). Besides, this desired complex oxide had to fulfil other requirements: firstly, its C 
concentration had to be low to prevent an excessive formation of Cr carbides during the consolidation. 
Secondly, the size of these compound’s powders should be nanometric to ensure a proper dispersion 
of these during the milling stage. Finally, the principal feature that had to be achieved was the 
homogeneous distribution of the elements in the synthesised compound. 

These specifications have proved to be a challenge to attain and so, have demanded several attempts 
to synthesise the Y-Ti-Zr-O powders. Nevertheless, great success has been achieved in the end using a 
co-precipitation route, which has ensured the accomplishment of all the requirements previously 
mentioned. The main features of the synthesised Y-Ti-Zr-O compound regarding its microstructure, 
morphology and composition are reported next. 
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The crystalline structure of the Y-Ti-Zr-O nanoparticles has been detected by X-Ray diffraction after 
this compound had been pyrolised and heated to stabilise its crystalline structure (Figure 4.2). In 
accordance with the published results of Schaedler et al. in [2], a fluorite structure (F in the 
diffractogram) of the powders has been identified, in conjunction with some minor diffraction peaks 
correspondent to other phases like bixbyite or pyrochlore (B and P in the XR diffractogram), which in 
the end are polymorphous phases of fluorite. The application of the phase-stabilisation heat treatment 
aimed to maintain an unique fluorite phase of the compound; although, this could not be completely 
accomplished. 

The coexistence of these various phases instead of an unique phase has also been reported in the 
literature [2], even though they have exhibited similar chemical compositions. Thus, the presence of 
several phases has not affected the formation of the desired oxides during the consolidation stage. 
Nevertheless, the XRD explorations showed that both bixbyite and pyrochlore phases have been 
secondary phases with lower intensities compared to the diffraction peaks of the fluorite phase. 

 
Figure 4.2: X-ray diffractogram of the synthesised Y-Ti-Zr-O compound after annealing at 850 °C for 

crystallisation (B: bixbyite; F: fluorite; P: pyrochlore) 

Additional evaluations of the pyrolised and annealed Y-Ti-Zr-O by TEM and STEM-EDS analysis have 
been carried out. The exceptionally small (with sizes around 20-25 nm) flake-shape nanoparticles, 
which have accumulated as clusters, have been analysed morphologically (Figure 4.3). 
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Figure 4.3: TEM BF images of synthesised Y-Ti-Zr-O nanoparticles after the consequent heat treatments 
have been applied 

The EDS mapping analysis made by TEM has shown a homogeneous distribution of the four elements 
over the synthesised nanoparticles (Figure 4.4). Therefore, a complex oxide has been satisfactorily 
produced. 

 

Figure 4.4: HAADF STEM image and corresponding normalised EDS mapping analysis 

The composition has been determined by EDS in SEM as Y1.6Ti0.9Zr1.6O7.2, which has been calculated by 
taking the average values of each element found in the nano-compound after analysing 
compositionally several areas (an example of this procedure can be found in Figure 4.5), resulting in 
this stoichiometry. 
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Figure 4.5: Atomic percentages of the analysed spots by STEM and EDS of the Y-Ti-Zr-O complex oxide 

obtained by co-precipitation 

Additionally, to check and certify the absence of excessive C levels, compositional analyses by means 
of LECO CS-200 have been conducted (Table 4.1). A remarkable decrease in the C content has been 
noted because both heat treatments (pyrolysis at 700 C and heat-treatment at 850 C, see 3.3.-
Synthesis of the complex oxide Y-Ti-Zr-O) have successfully eliminated the C in the air atmosphere, 
thus, achieving a powder with suitable C proportion that can be used for the development of the ODS 
steels. 

Table 4.1: Carbon detection in the synthesised Y-Ti-Zr-O compound 

 %C 

Y-Ti-Zr-O as precipitated 1.410 

Y-Ti-Zr-O after 700 °C pyrolysis 0.260 

Y-Ti-Zr-O after pyrolysis and 850 °C heat treatment (Final) 0.080 

 

Additionally, due to shortage, a second batch of the Y-Ti-Zr-O compound has been synthesised 
following the same procedure. Its composition has also been identified by EDS examinations resulting 
in a stoichiometry of Y1.4Ti0.8Zr1.8O7.3. Both of the produced compounds have been added to the steels 
as reported in Table 3.1. 

4.2.2.-Mechanical alloying of the powders 

As mentioned previously in 3.2.-Raw materials, a total of 4 ODS ferritic steels (FS) with different 
compositions have been manufactured following a powder metallurgy route, which has involved a 
milling process of the powders. The results related to the milled powders are reported next. 
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To develop the different ODS FS compositions, after selecting and preparing the starting powders, the 
first step has been their mechanical alloying (MA) by milling them in a high energy Attritor mill. This 
process has ensured a suitable distribution and blending of different powders while it has induced a 
heavy plastic strain. Thus, the MA has achieved an elevated powder’s hardening by increasing the 
dislocations density within them. Nevertheless, the MA has not affected all the particles in the same 
way, giving rise to different plastic deformation/strain degrees on the powders. 

Subsequently, this phenomenon, together with other factors such as the powder’s composition and 
the oxides’ dispersion, have derived in the formation of a heterogeneous bimodal structure once the 
powders have been consolidated by SPS (for deeper explanation, read 4.3.1.-Analysis of the grain 
microstructure in the ODS steels, micrometric scale). 

Besides, although great precautions like the use of an Ar atmosphere have been taken, some external 
C and O contamination has occurred during the milling step; traditionally, controlling this circumstance 
has been essential to avoid excessive C or O content in the milled powders, which, in the case of 
excessive C, is prejudicial to steels because it could decrease the steels’ Cr and Ti contents by forming 
carbides [3], and in relation to the O, too much of this element could reduce the pinning effect of the 
nanometric oxides, due to the precipitates coarsening, which in return induce lower high-temperature 
strength in the ODS steels [4]. 

In the end, the size, morphology, and crystallographic parameters of the powders have been studied 
to validate the selected milling parameters and to guarantee similar crystallite sizes and strain values 
on all 4 ODS compositions. Likewise, the content in interstitial elements such as C and O has been 
measured and regulated. 

Size and morphology of the milled powders 

SEM images of the milled powders for every ODS FS after 40 h of milling can be seen in Figure 4.6. In 
these images, it is possible to recognise the irregular morphology of the powders, which has been 
achieved after the progression of plastic deformation, cold-welding, and fracture phenomena. 

As explained before (1.4.2.- Mechanical alloying process), as the MA has progressed, initially the 
metallic particles have experimented a welding process where the balls inside the mill have collided 
and, with time, have joined the different starting powders generating clusters of welded bigger 
particles; however, the induced deformation at relatively low temperatures, has developed a cold 
working phenomenon that has resulted in an increment of the dislocations´ density. Due to this, the 
brittleness of the powders has raised, and, in the end, an equilibrium has been achieved where the 
welding and fracture phenomena have compensated each other in a stationary regime. Once this 
equilibrium has been achieved, the milling stage has been considered stable, and so, it could be ended. 

The milled powder particles have exhibited a highly deformed morphology due to the constant impacts 
between the milling media and the powders. Some have acquired almost equiaxial forms, and others 
have still maintained a certain flatness. This is a sign that milling has diverse consequences on the 
totality of the milled powder, as numerous of them have been mechanically alloyed, ensuring a proper 
homogenisation of the starting powders. 
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Figure 4.6: Powders morphology after MA for 40 hours 

The cross-sections of the milled powders are displayed in Figure 4.7. In all 4 ODS FS compositions, 
several internal cracks and fractures are revealed due to the achieved balance between the welding 
and fracture mechanisms during the MA progression. The cracks confirm the brittleness of the 
powders’ particles after the severe plastic deformation that they have endured. Although, at these 
magnifications, it is impossible to distinguish any segregation of the elements throughout the powders. 

  

  
Figure 4.7: Cross-section of the MA powders 



Chapter 4: Processing of ODS steels 

78 

Study of the crystallographic parameters of milled powders 

In the end, the main objective of the MA has been to reach a stationary state where all 4 ODS FS 
compositions have achieved high microstrain levels (ε) together with low crystallite sizes (L), both of 
them after the deformation, cold-welding and fracture phenomena had concluded into a steady state. 

To check if this equilibrium had been attained during the milling, X-ray data have been considered (as 
described in 3.4.1.-Study of the particles’ Features/Analysis of the evolution with milling time of the 
crystallites size and the induced microstrain). The crystallographic parameters and the dislocations’ 
strengthening factor (σdis) of the powders after the milling stage have been compared with the base 
non-milled prealloyed powder in Table 4.2. This dislocations’ strengthening factor (5.6.-Strengthening 
mechanisms), calculated as an approximation taking into account the X-ray patterns, has been used as 
a tool to compare the effect that the existing dislocations inside the powders had over the hardening 
of these due to the cold-working condition that has developed in the time the milling stage has taken 
place. 

Table 4.2: Particle size and crystallographic parameters after MA  

 
d50 

(µm) 

L 

(nm) 

ε 

(%) 

Dislocations density 

(m-2) 

σdis 

(MPa) 

Preall. powder 30 43.1 0.217 0.11·1016 713 

14Al-Ti-ODS 38 11.9 0.769 1.36·1016 2522 

14Al-Ti-ODS-B 73 12.0 0.767 1.45·1016 2598 

14Al-X-ODS 38 11.6 0.790 1.51·1016 2655 

14Al-X-ODS-B 54 11.4 0.808 1.37·1016 2529 

d50: Medium value of the particles size, L: crystallite size, µε: Microstrain level  

Compared to the base prealloyed powder, the reticular parameters of the milled powders indicate that 
the density of dislocations has increased and, therefore, the crystalline coherence zone has diminished, 
contributing to a decrease of the crystallite size. Furthermore, the plastic deformation and alloying 
process have also increased the lattice distortions due to the addition of Y, Ti or Zr, and consequently, 
the microstrain level of the material has risen. This could also be appreciated in the variation of the 
σdis of the powders before and after the MA. Guaranteeing high microstrain values after the milling 
stage has been the key to reduce the later crystallite growth that occurred during the consolidation 
process [5,6]. 

Besides, all the milled ODS steel powders have shown similar and consistent crystallite sizes and 
microstrain levels, which has confirmed that in all of them, the steady state of the cold welding and 
fracture phenomena has been achieved after a milling time of 40 h. Furthermore, these results in the 
crystallographic parameters are comparable and almost identical to the ones reported in other 
investigation by Macía et al. [1], where ODS steels with identical processing routes have been 
developed. 
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Measurements of the interstitial elements in the milled powders 

The analysis of the interstitial elements is shown in Table 4.3. The measurements have indicated low 
levels of external contamination after the milling stage; the detected levels of carbon (C), nitrogen (N) 
and oxygen (O) have supported this fact. 

Controlling the C presence is a crucial factor because inevitably some C impurities diffuse from the 
milling media to the milled powders. Avoiding an excessive level of this element prevents the 
formation of abundant carbides enriched in Cr and Ti, that if not regulated, could decrease the overall 
corrosion resistance of the ODS steels and avoid the precipitation of refined Ti-containing oxides [3,4]. 
As observed in the measurements, a low C content has been accomplished in the milled powders due 
to precise control in the manipulation of the powders during the whole milling process, thus, hindering 
the phenomena mentioned before. 

Furthermore, the excess of oxygen (%Ex. O) has also been estimated in accordance with the works 
developed by S. Ohtsuka et al [4,7]. This parameter is an indicator of the oxygen incorporation that has 
occurred during the MA and has been determined as the subtraction between the detected quantity 
of oxygen measured by the LECO equipment and the oxygen provided by the oxide formers (such as 
the Y2O3 or the Y-Ti-Zr-O compound). If after the milling, the %Ex. O is maintained below 0.1%, then an 
adequate formation of the oxides would take place and thus, improved mechanical behaviour at high 
temperatures could be expected. It is remarkable how this parameter is close to this 0.1% value in all 
the developed ODS steels, which indicates the good quality of the milled powders prior to their 
consolidation by SPS (Table 4.3). 

Table 4.3: Carbon, nitrogen and oxygen detection on the MA powders by LECO 

 %C %N %O %Ex. O 

14Al-Ti-ODS 0.108 0.004 0.157 0.104 

14Al-Ti-ODS-B 0.095 0.004 0.164 0.111 

14Al-X-ODS 0.061 0.008 0.556 0.130 

14Al-X-ODS-B 0.056 0.008 0.624 0.099 

4.3.-Characterisation of the consolidated steels 
Once the powders have been mechanically alloyed, the next stage in the manufacturing of the ODS 
steels is the consolidation stage. As described in 3.5.-Steels consolidation by Spark Plasma Sintering, 
the samples have been consolidated by spark plasma sintering to ensure full or near to full 
densification, avoiding simultaneously an excessive grain growth. Thus, the sintered samples have 
been characterised to check their microstructure at both micrometric and nanometric scales. Main 
features such as their ferritic nature, the bi-modal grain sizes or the precipitates’ characteristics have 
been discussed in this section. 

X-ray diffraction measurements have been carried out in all 4 ODS FS, as shown in Figure 4.8. All the 
consolidated steels exhibit a BCC crystalline structure that confirms their ferritic matrix. 
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Figure 4.8: X-ray diffractograms of the consolidated ODS steels 

To analyse the evolution of the crystallographic parameters during the manufacturing stages of the 
ODS steels (before MA, after it, and after SPS consolidation), the crystallite size (L) and the microstrain 
level of the steels (ε) have been represented in Figure 4.9 to better observe the variations of these as 
the processing of the ODS steels progressed. 

 
Figure 4.9: Evolution of crystallite size (left axis, grey dotted line) and microstrain (right axis, blue 

segmented line) during manufacturing 

Furthermore, the dislocations density of the consolidated materials has been calculated using the X-
ray diffractograms (Table 4.4). If these dislocations density’s values are compared with the ones 
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obtained for the milled powders (see the previous section: 4.2.2.-Mechanical alloying of the 
powders/Study of the crystallographic parameters of milled powders), a decrease is noticed in them. 
Due to the consolidation by SPS, although not excessive, a relaxation in the internal stresses has arisen, 
hence, diminishing the dislocations density, a phenomenon also observed in other investigations [1,8]. 
However, because the SPS is a low diffusion and fast consolidation technique, this decrease is reduced, 
and, thus, the calculated strengthening values due to dislocations remain at a satisfactory level in the 
same order of magnitude. 

Table 4.4: Dislocations density and dislocations’ strengthening of the consolidated ODS FS 

 
Dislocations density 

(m-2) 

σdis 

(MPa) 

14Al-Ti-ODS 1.00·1015 692 

14Al-Ti-ODS-B 0.93·1015 666 

14Al-X-ODS 0.57·1015 523 

14Al-X-ODS-B 0.71·1015 583 

4.3.1.-Analysis of the grain microstructure in the ODS steels, micrometric scale 

The grain microstructure is a primary feature to study and characterise in the developed ODS steels, 
as it could help explaining the final mechanical behaviour, together with the precipitates’ 
characteristics (see epigraph 4.3.2.-Evaluation of the precipitate’s nature and dispersion within the ODS 
steels) and dislocations density (Table 4.4). 

For this, SEM images were taken in all the ODS FS (Figure 4.10) for a suitable study of the 
microstructure at a micrometric scale; two images are exposed for every processed ODS steel: a 
general image showing the grain microstructure at lower magnifications (left side), and another one 
more detailed taken at higher magnifications. Examinations in these display the almost full 
densification of the powders once they had been successfully consolidated by SPS (Table 4.5). 

Table 4.5: Measured relative density of the consolidated ODS steels 

 Relative density (%) 

14Al-Ti-ODS 99.91 ± 0.01 

14Al-Ti-ODS-B 99.93 ± 0.04 

14Al-X-ODS 99.81 ± 0.01 

14Al-X-ODS-B 99.50 ± 0.02 

Measured by Image Analysis in several SEM images on a total area over 10000 µm2 for each ODS 
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Figure 4.10: SEM images corresponding to the consolidated ODS steels by SPS 
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Besides, the grain microstructure is unevenly distributed as three main constituents are noticed: 
micrometric grains (with sizes in the range of micrometres), ultrafine grains (refined grains with sizes 
below the micrometre), and complex chromium carbides (white dots) that are located in some of the 
grain boundaries. These features can be better appreciated in the images displayed at the right side, 
where the ultrafine (UF) grain areas are marked by yellow contours surrounding them and the carbides 
are indicated. Although this will be more deeply discussed later, it is interesting to note the increased 
proportion of UF areas, as well as a refinement of the grains in the ODS steels containing Y-Ti-Zr-O. 

The formation of these UF grains has developed due to the interaction of several factors that have 
prevented the grain growth during consolidation, such as the high induced microstrain level during the 
milling step, the effect of oxides nanoclusters as pinning points or the selected SPS consolidation 
parameters that have limited the diffusion rate [9]. Additionally, the unequal induced plastic 
deformation and alloying distribution achieved during the MA have determined the stored energy and 
the ability of recrystallisation. Thus, each powder particle has recovered and recrystallised at different 
stages during consolidation, giving rise to the fact in which, grains have grown up at different rates 
generating a bimodal grain microstructure composed of coarse grain areas (size > 1 µm) surrounding 
UF grain colonies (< 1 µm). 

This bimodal grain distribution is especially observed in ODS steels manufactured using a powder 
metallurgy route that has involved a milling stage of the powders and has also been observed in other 
investigations such as [10–12], where the steels have been consolidated by SPS. However, other works 
have also discovered this heterogeneous grain distribution in ODS steels sintered by hot isostatic 
pressing (HIP), although this fact has been occasional and has not always happened [13]. Thus, it seems 
that the SPS technique favours the formation of this bimodal distribution [14,15]. 

In addition, as each steel has a different composition and different amounts of oxide-forming 
elements, the volume of precipitates may be different, as well as their composition. This would modify 
the pinning effect on the grain boundary and the evolution of its growth during consolidation. 

However, to perform a more precise analysis of the grain microstructure, EBSD explorations have been 
carried out. Inverse pole figures (IPF) with respect to the surface normal direction of the processed 
ODS steels are shown in Figure 4.11. A lack of texture has been revealed in all the ODS steels, and there 
is not a definitive preferred elongation direction, although in some images the coarse grains appear 
elongated (maybe due to some drift inherent to the EBSD examinations, occasionally because of a poor 
conduction of the material). 

Although all the processed ODS steels have shared the same prealloyed powder as the initial one (Fe-
14Cr-5Al-3W), they have also included different oxide formers and alloying elements in their 
compositions, causing some differences in their grain microstructure due to the action of these by 
intervening partially during the grain growth occurred at the time the SPS-consolidation took place. 

The reference steel 14Al-Ti-ODS has contained only Ti and Y as precursors for the nano-oxides’ 
precipitation, these elements have been used as the generic oxide formers in various investigations 
[16–18]. Likewise, the following ODS steel (14Al-Ti-ODS-B) has included the same oxide formers, but 
in this one, B has also been added to identify possible changes in the microstructure that could happen 
because of the action of this element in the carbides located at the grain boundaries, as investigated 
by Abe et al. in [19,20]. 

Additionally, the last two manufactured ODS steels have incorporated the complex oxide Y-Ti-Zr-O, 
which has introduced the Zr element to improve oxides’ precipitation and so, improve their pinning 
effect in dislocations and grain boundaries [21–24]. Ultimately, the main difference, compositionally 
speaking, between these two last ODS steels containing Y-Ti-Zr-O has been that one of them has also 
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included B (whereas the other one has not), and thus, the combination of these additions could lead 
to a remarkable performance due to their effect by interacting with and enhancing the grain 
microstructure. 

 

 
Figure 4.11: EBSD maps presented as IPFs with respect to the surface normal direction of the consolidated ODS 

steels 

 
Figure 4.12: Comparison between the grain size distributions in the different processed ODS steels 
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A graph representing the grain size distributions has been elaborated in Figure 4.12 for a more detailed 
study of the influence of the oxide formers and the boron in the development of the grain 
microstructure. As observed, the area fractions covered by each grain size respect to the total area of 
the EBSD map have been depicted. The most remarkable feature has been the diminishment of the UF 
grains (considered as grains with sizes below 1 µm) when the Y-Ti-Zr-O compound has been added to 
the ODS steels (14Al-X-ODS and 14Al-X-ODS-B steels), to the point that in the steels that have not 
contained it, the lower grain size achieved was 0.2 µm, instead of the 0.08 µm grain size exhibited by 
the other ODS steels containing the complex oxide. Moreover, the presence of boron improved the 
formation of the UF grains, achieving grain microstructures that showed more elevated fractions of UF 
grain areas. 

Another essential aspect to consider is how the materials with the addition of the complex compound 
Y-Ti-Zr-O have exhibited not only bigger areas of these UF grain regions, but also the mean size of both 
coarse and UF grains has decreased (Table 4.6, developed by measuring the grains in an area of 40,000 
µm2 for each processed steel). This reveals the effectivity of the formed nano oxides at pinning the 
grain boundaries, increasing in this way, the grain boundary strengthening mechanism in the ODS 
steels [1,25]. 

Table 4.6: Grain distribution for every EBSD maps of consolidated ODS steel 

 
Mean size coarse grains 

(> 1 µm) 

Mean size UF grains 

(< 1 µm) 
UF area 

14Al-Ti-ODS 3.03 µm 0.59 µm 5% 

14Al-Ti-ODS-B 2.98 µm 0.64 µm 13% 

14Al-X-ODS 2.48 µm 0.26 µm 13% 

14Al-X-ODS-B 2.83 µm 0.28 µm 16% 

Finally, an assessment regarding the size and morphology of the detected carbides has been carried 
out. The objective has been to observe and identify possible differences in these carbides´ morphology 
depending on the effect of boron, which had been reported to inhibit the coarsening of M23C6 carbides 
[19] and to stabilise their distribution at the grain boundaries provoking an enhancement in creep 
strength [20,26]. In [27], a ThermoCalc study is reported where it is described how B atoms tend to 
incorporate to (Cr, Fe, W)23C6 reducing their interfacial energy with the matrix, an so, the coarsening 
rate of M23C6 carbides is reduced by this decrease in the interfacial energy and in diffusivities, 
respectively. This refinement of the carbides would be beneficial for enhancing the RT mechanical 
performance and the creep properties of the ODS steels, as stated in [28,29]. 

In both Figure 4.13 and Figure 4.14, a characterisation of the identified carbides has been developed, 
where parameters such as the aspect ratio (F shape), circularity (F circle) or size were analysed. The 
aspect ratio (Eq. 4.1) is defined as the ratio of the particle´s fitted ellipse, while the circularity (Eq. 4.2) 
indicates how close is each analysed object to a circumference shape; both of these parameters have 
been mathematically determined as: 
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𝐹 𝑠ℎ𝑎𝑝𝑒 =
[𝑀𝑎𝑗𝑜𝑟 𝑎𝑥𝑖𝑠]

[𝑀𝑖𝑛𝑜𝑟 𝑎𝑥𝑖𝑠]
 (Eq. 4.1) 

  

𝐹 𝑐𝑖𝑟𝑐𝑙𝑒 = 4 ·
[𝐴𝑟𝑒𝑎]

[𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟]
 (Eq. 4.2) 

These measurements have been performed by examining several SEM images with the ImageJ open 
software (developed by Wayne Rasband, NIH, free license) of each consolidated ODS steel. A total area 
of 10800 µm2 has been studied for every material in order to have a proper carbides distribution. 

Figure 4.13: Study of the variations of shape factors (aspect ratio and circularity) with the carbides’ size 
in the processed ODS steels 

The biggest carbides have shown more circular shapes as observed in Figure 4.13, while the smallest 
ones have exhibited less circularity. However, in the materials containing boron (14Al-ODS-Ti-B and 
14Al-X-ODS-B) the smallest carbides have proved to be more circular; perhaps this could increase the 
creep properties in these ODS steel compositions (5.5.-Creep performance) as the small carbides could 
retard the onset of acceleration creep (this is, the start of the creep process), decreasing the minimum 
strain rate and thus, improving the creep life [29]. 

Figure 4.14 provides information about the correlations between circularity and size (considering the 
area occupied in the image by each carbide) of the analysed carbides. It can be observed in the B-
containing steels how although the carbides slightly have grown to bigger sizes, they have also 
exhibited a more circular morphology, reinforcing the hypothesis in which the presence of B has 
provoked that the carbides became rounder. 



Chapter 4: Processing of ODS steels 

87 

  

 

Figure 4.14: Correlations between carbides’ size and their circularity in the manufactured ODS steels 

4.3.2.-Evaluation of the precipitate’s nature and dispersion within the ODS steels 

The effectivity of the oxides to pin and/or impede the movement of dislocations and grain boundaries 
will define the mechanical behaviour of the ODS steels at room and high temperatures. Therefore, the 
precipitate’s dispersion, size, and nature have been key characteristics to explore in these ODS steels. 

To perform these investigations, TEM explorations have been selected, as they have allowed to reach 
greater magnifications, and so, enabling the observation and analysis of the nano-precipitates. In this 
regard, all the ODS steel compositions have been studied separately and later compared to identify 
differences that could explain distinct mechanical properties. 

14Al-Ti-ODS, reference ODS steel 

Figure 4.15 shows the STEM images corresponding to the reference ODS steel 14Al-Ti-ODS material, 
which has been widely studied in other investigations such as [30,31], in which the most reported 
nano-oxides exhibit stoichiometries of Y2O3, Y2Ti2O7, or TiO2. These oxides have formed due to the 
addition of Y2O3 and Ti; this last element usually added to refine the yttria precipitates [32]. 

In the images, a proper dispersion of the oxides can be observed as well as how these interact with the 
dislocations blocking their movement and, thus, granting the steels additional strengthening. 
Additionally, the oxides’ density is maintained at a regular level. 
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Figure 4.15: STEM images of 14Al-Ti-ODS 

The composition of nano oxides has been evaluated by EDS analysis coupled in TEM. (Figure 4.16) In 
these, the matrix composition is observable, as the Fe, Cr, W and Al are homogeneous across all the 
area studied. 

Also, as expected, the small precipitates (3-15 nm) are composed mainly by Y-Ti-O, while coarser Al-
containing precipitates (30-60 nm) are also visible; these have appeared due to the reaction of Al 
(coming from the steel matrix) with the interstitial O and the Y left by the Y2O3 (after both elements 
have been dissolved into the matrix during the MA). Lastly, some larger precipitates formed by the 
interaction of Ti-W have been identified; this has occurred due to the strong reactivity between these 
two elements. 
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Figure 4.16: EDS Mappings of 14Al-Ti-ODS 

Precipitates’ size distribution has been calculated by taking several of these images and measuring the 
precipitates one by one (Figure 4.17). Even though small Y-Ti-O precipitates (3-15 nm) are observable 
in the interior of the grains, the most common precipitates exhibit medium sizes (10-30 nm) and can 
be found inside the grains or decorating the grain boundaries acting as pinning points. However, it has 
been visible how at first glance, the precipitates with the smallest sizes have more substantial 
interactions with the inner dislocations, impeding their ability to move. 

 
Figure 4.17: Precipitates´ size distribution on 14Al-Ti-ODS 



Chapter 4: Processing of ODS steels 

90 

14Al-Ti-ODS-B, the addition of B 

The next ODS steel to study is the 14Al-Ti-ODS-B, a material very similar to the reference material 14Al-
Ti-ODS but with an important difference, the addition of a 0.1 %wt. B. The STEM images of this ODS 
steel are displayed in Figure 4.18. Fine precipitates and dislocations are visible throughout the steel’s 
grain microstructure, although vast areas without precipitates are also recognised, which in turn, show 
the moderate oxides’ density attained in this material. 

 
Figure 4.18: STEM images of 14Al-Ti-ODS-B 

The precipitates’ compositional nature can be appreciated in Figure 4.19. Like in the reference 
material, the mappings show the presence of big Al-containing precipitates (30-60 nm), together with 
smaller Y-Ti-O oxides (around 3-15 nm). The ferritic matrix remains stable, although some W reacts 
with Ti just like in the previous ODS Steel. The B could not be detected, as this technique is not 
recommended for the disclosure of this light element. To track down the B, atom probe tomography 
(ATP) would be more appropriate, however, even without this technique, its effect in the mechanical 
performance has been reported in this thesis work. 
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Figure 4.19: EDS Mappings of 14Al-Ti-ODS-B 

The precipitates’ mean size has been calculated and is portrayed in Figure 4.20. The results show the 
nanometric scale of the precipitates in these steels and a decrease in their size with respect to the 
reference ODS FS (14Al-Ti-ODS). However, in this steel, even though the oxides’ diameter is very low, 
its global precipitates’ density has not increased significantly. 

 
Figure 4.20: Precipitates’ size distribution on 14Al-Ti-ODS-B 
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14Al-X-ODS, the addition of Y-Ti-Zr-O 

Continuing with the TEM exploration of the ODS steels, Figure 4.21 shows the STEM images of the 
14Al-X-ODS steel. This one includes the Y-Ti-Zr-O in its composition, which differentiates it from the 
previously studied steels. A higher oxides’ density is visible in this steel when compared with the 
previous ODS FS without Y-Ti-Zr-O additions; the higher quantity of oxides’ formers coming from this 
compound has provoked a more homogeneous oxides’ distribution and, in turn, have allowed an 
increased precipitation of the nanometric oxides. 

Figure 4.21: STEM images of 14Al-X-ODS 

By means of TEM compositional analysis, the nano-precipitates have been studied (Figure 4.22). 
Several features can be discussed: Fe and Cr remain stable in the matrix, just like W and Al. Besides, a 
decrease in the quantity of big Ti-W type precipitates in the 14Al-X-ODS steel is noticed. However, Zr 
tends to partially react with Ti forming big precipitates of Ti-Zr [21]. In these steels, the presence of 
the Zr has not entirely avoided the formation of the Y-Al-O precipitates; however, it is remarkable that 
these have not been as coarse (20-30 nm) as they have been in the previous ODS FS (around 60 nm in 
some cases); thus, the Y-Al-O precipitates exhibit a more refined size with the addition of the Zr-
containing Y-Ti-Zr-O complex compound; this fact has also been reported in the literature [33,34]. 
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Furthermore, the oxides’ formers elements Y, Ti, Zr and Al have reacted between themselves and 
precipitated in the form of oxides containing various or all of these elements at different levels. 

 

    

 
Figure 4.22: EDS Mappings of 14Al-X-ODS 

Observing the results of the calculated particles’ size distribution (Figure 4.23), the overall size of the 
oxides has been slightly reduced compared to the reference ODS steel (14Al-Ti-ODS). Thus, Zr has been 
able to decrease partially the size of the precipitates existing in this steel, as discussed by García-
Junceda et al. in [35], while incrementing the precipitates’ density at the same time. 

 
Figure 4.23: Precipitates’ size distribution on 14Al-X-ODS 
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14Al-X-ODS-B, the additions of Y-Ti-Zr-O and B 

Lastly, the ODS composition containing Y-Ti-Zr-O and B has been analysed by means of TEM. Figure 
4.24 shows the STEM images of the precipitates and their dispersion. In the same way, the oxides 
exhibit different sizes, as some of them are fine and distributed adequately inside the grains, while 
bigger ones decorate the grain boundaries. Once again, the addition of the Y-Ti-Zr-O has incremented 
the nano-oxides’ density, providing the steel an excellent ability to block its inner dislocations. 

Figure 4.24: STEM images of 14Al-X-ODS-B 

EDS mappings of the 14Al-X-ODS-B are exhibited in Figure 4.25. In accordance with the other ODS steel 
containing Y-Ti-Zr-O (14Al-X-ODS), the same types of oxides have been identified. Precipitates of Y-Zr-
O have formed in the ODS steel, being some of the smallest oxides, with sizes between 3-10 nm. 
Moreover, several oxides with Y, Ti, Zr or Al have formed in this steel too. Meanwhile, Ti has tended to 
react with Zr forming larger precipitates (60-70 nm) [21]. Just like with the other B-containing ODS FS 
(14Al-Ti-ODS-B), the EDS analysis could not detect the presence of B. 
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Figure 4.25: EDS Mappings of 14Al-X-ODS-B 

The particles’ size distribution is portrayed in Figure 4.26. The precipitates exhibit size values in the 
same order of magnitude as the other ODS materials. Although the average oxides’ diameter has not 
been substantially reduced in relation to the reference ODS FS (14Al-Ti-ODS), the precipitation of these 
nano-oxides has been improved due to the inclusion of the Y-Ti-Zr-O, therefore, guaranteeing an 
enhanced distribution of the oxides through the steel and strengthening it in a more effective way. 

 
Figure 4.26: Precipitates’ size distribution on 14Al-X-ODS-B 
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4.3.3.-Discussion of the precipitates’ features 

The formation of the precipitates could be related to the amount of initial oxide formers included in 
the ODS steels’ compositions. Apart of Al, which is included in the ferritic matrix, other elements such 
as Y, Ti or Zr have been added into the MA, and have been responsible of forming the nanometric 
oxides during the consolidation by SPS. As stated in 3.2.-Raw Materials, the different ODS FS 
compositions carried diverse quantities of Y, Ti or Zr; thus, it has been expected to detect various 
changes in the oxides’ distribution in every processed ODS steel. These oxide formers have been 
calculated by adding up all the relative amounts of the added Y, Ti and Zr in the steels (Table 4.7). 

Overall, the precipitates’ sizes have been diverse in the processed ODS steels, several types of 
precipitates have been detected: some of them with low diameters comprehended in the range of 3-
10 nm that could be found inside the grains, whereas bigger precipitates (60-80 nm) have also been 
identified inside the grains and decorating their grain boundaries. Surely, these last precipitates have 
been responsible of preventing an excessive grain growth during SPS consolidation by blocking the 
grain boundaries. However, an average precipitates’ size has been calculated, together with the 
density of these, and their theoretical strengthening contribution to the ODS FS (Table 4.7). This 
strengthening mechanism has been calculated using Eq. 4.3 based on the work developed by Chauhan 
et al. in [36] and in other investigations [37,38]: 

where  𝑀 is the Taylor factor (3.06), 𝛼  is a constant (1/3), 𝐺 is the shear modulus of Fe element (85 
GPa), 𝑏 is the burger vector (assuming pure Fe BCC lattice), 𝑁  is the precipitates density, and 𝐷  is 
the average precipitate’s size [9,10]. Further information about the strengthening mechanisms 
involved in the global strengthening of the ODS steels has been discussed in 5.6.-Strengthening 
mechanisms. 

From the obtained results, some variations are observed regarding the precipitates’ size or the 
precipitates’ density, although the values are in the same order of magnitude in all the ODS steels. The 
Y-Ti-Zr-O-containing steels (14Al-X-ODS and 14Al-X-ODS-B) have exhibited increased precipitates’ 
densities in comparison with the steels that have not included it. Thus, it could be said that the 
presence of Y-Ti-Zr-O has enhanced the precipitation of nano-oxides, which will deliver an improved 
mechanical behaviour due to a better pinning of the dislocations. 

  

𝜎 = 𝑀𝛼 𝐺𝑏 𝑁 𝐷  (Eq. 4.3)

Table 4.7: Precipitates’ sizes and densities for each sintered ODS composition 

 
Oxides’ formers 

wt.% 
Average precipitates’ 

size (nm) 
Precipitates’ density 

(precipitates/m3) 

σp 

(MPa) 

14Al-Ti-ODS 0.60 9.80 ± 0.03 2.37·1022 329 

14Al-Ti-ODS-B 0.60 4.62 ± 0.01 1.83·1022 198 

14Al-X-ODS 1.20 5.90 ± 0.04 5.48·1022 388 

14Al-X-ODS-B 1.44 8.14 ± 0.01 5.17·1022 442 
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Because of these improved oxides’ densities, and because Eq. 4.3 states that the precipitates’ 
strengthening (𝜎 ) increases directly with the bigger the precipitates’ diameters are, an improved 
strengthening from the precipitates (𝜎 ) has been noticed due to this increase in the nano-oxides’ 
density. 

Additionally, several assumptions have been taken in relation to the effect of the oxide formers and 
the B: 

Firstly, no changes in the TEM examinations have been observed regarding to the addition of B in the 
ODS steels; this is, no observable variations have been appreciated in the size, distribution, or 
composition of the precipitates when this element has been introduced. On the other hand, the TEM 
techniques could not allow the precise detection of B due to its low atomic mass; thus, to have a proper 
identification of this element and its distribution through the grains or grain boundaries it is necessary 
to perform alternative characterisation techniques such as atom probe tomography (APT) [39], or 
electron energy loss spectroscopy (EELS) [40]. 

Secondly, some authors had reported in previous studies how the Zr could avoid the formation of the 
Y-Al-O precipitates, as the binding energy of Y-Zr-O is superior to that of Y-Al-O at the time these 
precipitates form during the consolidation in a Fe matrix [21,41]. This is an appealing outcome to 
accomplish because the Y-Al-O oxides are coarser than the Y-Zr-O oxides, and so, an enhanced degree 
of the precipitate’s strengthening could be achieved with a higher dispersion of oxides exhibiting a 
lower particle’s size. However, it has been shown how this element has not completely prevented the 
formation of the Y-Al-O, as some of them have been identified in the TEM investigations, this fact has 
also been reported in other works [35]. Nevertheless, a diminishment in the Y-Al-O particles has been 
reported when the Zr had been added to the ODS steels in contrast to when this element has not been 
present. Thus, the addition of the Y-Ti-Zr-O has implied the addition of this element (which in both 
cases had been introduced to achieve a 0.6 %wt. in Zr) and of a higher volume of oxides’ formers in 
the steels. In the end, the Y-Ti-Zr-O has refined the Y-Al-O precipitates and generated the Y-Zr-O oxides 
simultaneously in a more elevated proportion. 

 
Figure 4.27: Nano-precipitates’ size distributions detected in the processed ODS steels 
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The Figure 4.27 displays all the different precipitate’s types that have been detected in the processed 
ODS FS as well as their exhibited sizes. Not all of them have been found in all the steels (as exposed in 
Table 4.8 ), as the different additions of elements in the steels’ compositions have determined the final 
precipitates attained. 

Table 4.8: Detected precipitates in the sintered ODS steels 

 

Type of precipitates 

Ti-W/Ti-
Zr/Ti-Zr-W 

Al-O Y-Al-O Y-Al-Zr-O Y-Ti-O Y-Zr-O 

(60-80 nm) (35-65 nm) (20-40 nm) (15-30 nm) (3-15 nm) (3-10 nm) 

14Al-Ti-ODS       -   - 

14Al-Ti-ODS-B       -   - 

14Al-X-ODS             

14Al-X-ODS-B             

The increment of the total volume of oxides in the steels containing the Y-Ti-Zr-O complex compound 
has been proved. Again, this has happened due to the higher proportion of oxides’ formers included 
in these steels when this compound has been incorporated to them (compared to the steels without 
Y-Ti-Zr-O additions); and due to the presence of Zr in them, which, as expected, have not formed Zr-
containing precipitates in the steels without Y-Ti-Zr-O. 

For all of this, it has been demonstrated how the improvement of the oxides’ density, and thus, of the 
precipitates’ strengthening in the steels, is associated to the presence of the Y-Ti-Zr-O compound, 
which by carrying the oxides’ former elements, has involved an improved distribution and precipitation 
of the oxides during the SPS consolidation. 

4.3.4.-Thermal stability of the precipitates (TEM in-situ) 

The thermal stability of the nano-oxides and their ability to keep dislocations pinned is a crucial factor 
in the ODS steels mechanical performance. Because the steels will work under HT environments, their 
microstructure must remain steady without drastic changes that may compromise their final 
behaviour. For this, the 14Al-X-ODS-B steel (the one with the highest oxides’ precipitation) has been 
analysed by means of in-situ annealing TEM analyses, in which a controlled heating has been applied 
from RT to 550 °C to the steel’s sample while TEM-examining the microstructure at the same time. 
Additionally, the sample has been left at 550 °C for 2 h to study possible time-depending variations. 
Therefore, any possible changes in size or morphology that may occur in the precipitates, dislocations, 
or grain boundaries have been reviewed. 

The Figure 4.28 shows an ultrafine grain (UF, with a size below the µm) which has been studied 
regarding the possible changes that may occur in the grain boundaries, precipitates’ size and 
dislocations’ movement. 
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Figure 4.28: In-situ TEM examinations of a UF grain at different temperatures 

It can be observed how no variations in the grain size have been detected. The grain boundaries remain 
steady and do not seem to suffer alterations neither due to the increase in temperatures from RT to 
550 °C, neither with the increasing time of 2 h at this temperature. This shows the thermal stability of 
the ODS steels’ grains when working close to the temperatures range that they will have to withstand. 

Furthermore, to study the possible variations of the precipitates’ sizes and the movement of 
dislocations with increasing temperature, both precipitates and dislocations have been examined at 
RT and at 550 °C in Figure 4.29. 

Figure 4.29: Tracking of precipitates and dislocations at RT (left) and 550 °C (right) 

The analysed nano-oxides and dislocations have not suffered any alteration in their position inside the 
grain. Because the precipitated oxides are extremally stable due to their composition, it is no surprise 
that they have remained unaltered in terms of position and size during all the in-situ TEM 
examinations. There is no dissolution of oxides into the ferritic matrix under these conditions. This is 
interesting, because other authors have found that depending on nano-oxides composition and sizes, 
part of the yttrium-titanium oxides’ particles can dissolve at about 600 °C [42]. 
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Therefore, in light of these examinations, the oxides in these ODS FS have been able to effectively block 
the dislocations’ movement since these have been pinned in the TEM examinations. These features 
show why the ODS steels can perform excellently at these working temperatures, as the dislocations’ 
movement is impeded by the thermally stable nano-oxides. 

Finally, the TEM-annealed samples have been inspected by taking STEM pictures using the bright field 
(BF) and the high-angle annular dark field (HAADF) modes (Figure 4.30). 

Figure 4.30: TEM examinations performed after the in-situ TEM annealing in the 14Al-X-ODS-B 

A slight surface degradation is observed after the in-situ TEM examinations, however, all the features 
at these nanometric magnifications are significantly observed. As reported before, the nano-oxides 
remain stable (precipitation density remains about 1022 precipitates/m3) and effectively pin the 
dislocations avoiding their movement. 

Nevertheless, the morphology of some of the oxides has evolved from a spherical to a cuboidal shape. 
As indicated by Odette et al. in [43] ], these cuboidal shapes are mainly observed in Y-Ti-O nano-
precipitates (mainly Y2Ti2O7, with pyrochlore structure). In this case, annealing seems to have increased 
the crystallinity of these oxides and slightly modified their morphology. 
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4.4.-Partial remarks 
In this chapter, several conclusions have been developed regarding the different microstructural 
features of the ODS FS, from the starting powders, passing through their MA, and ending with the 
study of the consolidated samples by SPS. 

 The complex oxide Y-Ti-Zr-O was successfully synthesised and characterised. The powders 
have formed clusters of nanoparticles (around 20 nm), have manifested a main fluorite-type 
crystalline structure together with some minor phases of bixbyite or pyrochlore, have 
maintained low and proper C levels, and have evinced a homogeneous distribution of the 
oxides’ formers within the powders; conforming an adequate carrier of the elements 
responsible of promoting an enhanced precipitation of the nano-oxides. 

 The powders have favourably been mechanically alloyed (MA) during the milling stage and 
have been appropriate for their posterior consolidation by SPS. An elevated strengthening of 
the powders has been achieved by inducing a heavy deformation in the powders, thus, 
increasing their dislocations’ density. Furthermore, the external contamination produced by 
interstitial elements such as C, N or O has been kept at a minimum in all the ODS FS. 

 A suitable selection of the SPS parameters has been achieved, as this technique has fully 
densified the MA powders while simultaneously preventing an excessive grain growth and 
avoiding a substantial decrease of the dislocations’ density inside the processed ODS steels. 

 Besides, the inner grain microstructure has been analysed by means of SEM and EBSD 
examinations. Three main components have been identified at a micrometric scale: 
micrometric grains, ultrafine (UF) grains and M23C6 carbides along the grain boundaries. The 
incorporation of B and Y-Ti-Zr-O in the steels has provoked a refinement of the UF grains and 
an increase of the UF grain areas, which have resulted in a microstructure able to exhibit an 
improved mechanical performance. 

 Regarding the carbides’ features, it has been observed how the addition of B in the steels has 
affected the morphology of the carbides making them rounder and so, partially enhancing the 
ODS FS behaviour at RT by diminishing the concentration/amplification of external stresses in 
angular microconstituents that would decrease the mechanical properties at RT. Besides, the 
steel’s performance against the creep phenomena is also enhanced when achieving these 
morphologies in the carbides. 

 Finally, a deep investigation of the ODS steels has been performed at a nanometric scale by 
means of TEM explorations. The nano-precipitates’ size, distribution, and composition have 
been studied. A significant increase in the precipitates’ density has been achieved in the ODS 
steels containing Y-Ti-Zr-O (from 1.5·1022 to 5.5·1022 ox/m3), meaning that a proper 
precipitates’ strengthening has been attained to improve their final mechanical behaviour. 

 The introduction of Zr in the steels that have incorporated the Y-Ti-Zr-O complex in their 
composition has effectively refined the nano-precipitates and improved the distribution of 
these. Although the Zr has not completely avoided the formation of the coarser Y-Al-O oxides 
(8-20 nm), it has refined them while simultaneously producing smaller Y-Zr-O precipitates (3-
10 nm). 

 The thermal stability of the nano-oxides has been addressed with in-situ TEM explorations. 
These have demonstrated the excellent immovability of the oxides and their ability to block 
dislocations’ movement even at HT. 
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5.1.-Preamble to this chapter 
Due to the nature of their applications, the ODS steel must meet outstanding mechanical 
requirements, mainly at high temperatures (HT) but also at room temperature (RT). Thus, 
different samples have been prepared from the processed ODS steels in order to develop various 
mechanical tests that would provide more precise knowledge about their mechanical 
performance. The obtained data from these evaluations have been compiled and discussed in this 
chapter. 

Hence, initially the steels have been tested at RT to evaluate their effectiveness at avoiding 
dislocations movement when the effect of temperature has been almost insignificant. For this, 
microhardness measurements have been performed to assess their resistance against plastic 
deformation. Ex-situ microtensile tests have been conducted for the study of diverse properties 
such as the ultimate tensile strength (UTS), yield strength (YS) or toughness in the acquired stress-
strain curves. Additional small punch tests developed at RT have contributed to this analysis. In 
addition, the fractography of the tested samples has been examined to support and confirm some 
of the mechanical characteristics. 

Once the behaviour at RT has been checked, the ODS steels’ investigation of the mechanical 
performance at elevated temperatures has been essential to have a proper characterisation of 
their resistance against remarkable stresses in harsh environments. Therefore, small punch tests 
at 300°C and 500°C have been performed to investigate their load-deflection curves and their 
variation with temperature. However, the most relevant study has been the one related to the 
creep performance of the manufactured ODS steels, as this phenomenon could take place in the 
aggressive conditions that these materials have to endure. Thus, small punch creep tests at 650°C 
and with varying applied loads have been conducted to assess these properties and to identify 
the main creep mechanisms that have taken place during these tests. Again, the fracture patterns 
of the processed samples have been examined and discussed to deepen their analysis in the 
mechanical characterisation at HT. 

A scheme of these outcomes is exposed in Figure 5.1. 

 
Figure 5.1: Followed methodology to assess the mechanical properties of the processed ODS steels 
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5.2.-Microhardness measurements 
For the evaluation of the ODS steels’ resistance to plastic deformation at RT, microhardness 
measurements have been carried out; the results of these have been displayed in Figure 5.2. All 
four processed materials have exhibited a proper microhardness level, consequence of the 
appropriate densification achieved during the SPS consolidation. Furthermore, the reduced errors 
have confirmed this fact, as no significant variations have been present even though several 
measurements (20 in each material) have been taken in different positions. 

Regarding the different compositions, a significant increase in microhardness at RT has been 
observed in the ODS steels containing the complex oxide Y-Ti-Zr-O with respect to the reference 
composition (14Al-Ti-ODS), achieving values similar or even higher than other commercial ODS 
steels from the literature such as the ODS RAF (14 wt.% Cr, produced by the EPFL), the MA957 
(14 wt.% Cr, developed by the International Nickel Company, INCO), or the PM2000 (20 wt.% Cr, 
manufactured by Plansee) [1–5].  

This fact could be explained by the microstructural changes induced by the addition of the Y-Ti-
Zr-O. On one hand, the steels with this compound included in their composition have exhibited a 
grain refinement and increased areas of UF grains in their grain microstructure, which has granted 
these steels an enhanced strengthening due to an increment in grain boundaries that, in the end, 
has improved the hardness of the steels at RT.  

On the other hand, the inclusion of this oxides’ formers carrier has enabled an incremented 
precipitation of nano-oxides in the steels (from around 1.5·1022 to 5.5·1022 precipitates/m3), thus, 
providing them an enhanced strengthening. The higher oxides’ densities attained in these steels 
have derived in a greater presence of obstacles to the movement of dislocations. 

Furthermore, an enhancement in microhardness has been noticed in the ODS steels with the 
addition of boron, whose effect in hardness increment has been documented in other works [6,7]. 

Thus, the inclusion of the complex oxide Y-Ti-Zr-O and/or B have been proved to be beneficial for 
the enhancement in the microhardness of the ODS steels. 

 
Figure 5.2: Microhardness results of the processed ODS steels 
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In addition, with the microhardness data, it has been possible to calculate an estimation of the 
yield strength (σy) following the works proposed by Zhang et al. [8] and Zhou et al. [9]. These 
investigations proposed that by assuming a relation of σy  3·HV, the yield strength could be 
approximated (Table 5.1). 

Table 5.1: Yield Strength (MPa) estimated by microhardness values 

 14Al-Ti-ODS 14Al-Ti-ODS-B 14Al-X-ODS 14Al-X-ODS-B 

y (MPa) 1040 1127 1334 1330 

These values in the yield strength (σy) have been theoretically and experimentally compared with 
other approximations and discussed more profoundly in 5.6.-Strengthening mechanisms. 
Nonetheless, attending to these estimated results, it is clear how the steels containing Y-Ti-Zr-O 
should exhibit the higher YS in the microtensile tests (5.3.-Assessment of the tensile behaviour at 
room temperature). 

5.3.-Assessment of the tensile behaviour at room temperature 
Microtensile tests at RT have been performed to study various mechanical properties in the 
developed ODS FS; the obtained stress-strain curves and the accomplished results have been 
exposed in Figure 5.3. 

 
Figure 5.3: Comparison of engineering tensile stress-strain curves for the consolidated ODS steels 
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Table 5.2: Mechanical properties extracted from the micro-tensile tests 

 UTS/MPa YS/MPa Modulus of 
Toughness/MJ·m-3 

Total 
deformation/% 

14Al-Ti-ODS 910 ± 8 757 ± 2 140 ± 26 18 ± 2 

14Al-Ti-ODS-B 926 ± 7 790 ± 8 141 ± 38 18 ± 4 

14Al-X-ODS 1143 ± 2 884 ± 2 161 ± 23 17 ± 1 

14Al-X-ODS-B 1117 ± 8 980 ± 12 166 ± 16 18 ± 1 
 

As observed in the tensile response displayed on Table 5.2, all the materials have exhibited 
superior mechanical properties than reference steel (14Al-Ti-ODS). Specifically, the ODS steels 
containing the complex compound Y-Ti-Zr-O have shown a remarkable increase in their ultimate 
tensile strength (UTS) and their yield strength (YS), higher than the improvement of B-addition. 
However, in this case it seems that the synergistic effect of both composition modification 
strategies has achieved the best balance of all tensile parameters. 

This could be explained due to the presence of a higher amount of UF grains area and because of 
the increased precipitates’ densities detected in these steels (Table 4.7), which have impeded the 
movement of dislocations at RT. 

Furthermore, the total deformation exhibited by the four materials is indicative of their high 
ductility, as well as the toughness (calculated as the area under the stress-strain curve) which has 
reached promising values. Traditionally, this mechanical property has been an issue in the 
manufacturing of ODS steels, as low values have usually been attained [10,11].  

Thus, the values reported in this thesis have proved to be very promising due to the proper 
strength/toughness ratio achieved in the developed ODS steels thanks to the bimodal grain 
distribution attained, which has increased their ductility (as explained earlier in 1.4.4.- Macro and 
microstructure. NFA microstructure) [12]. 

Examinations of the fracture surfaces of broken specimens have confirmed some of the 
properties studied by the microtensile tests in the ODS steels containing the complex oxide Y-Ti-
Zr-O. Examples of the tested surfaces at different magnifications have been displayed in Figure 
5.4.  

All the steels have exhibited a slight necking where the samples have fractured, thus, indicating a 
ductile behaviour at first glance. Besides, although all the tested ODS steels have displayed similar 
features at low magnifications, paying attention to magnified details in the fractography, again, 
several attributes relative to a ductile behaviour have been identified in the fracture of the 14Al-
X-ODS and 14Al-X-ODS-B materials.  

The appearance of deformation planes, highly deformed necks, and the coalescence of 
microvoids or dimples, have confirmed the elevated toughness of these steels even when they 
exhibited increased tensile strength properties in comparison with the reference steel 14Al-Ti-
ODS. 
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Figure 5.4: Fracture behaviour of the examined samples after the microtensile tests 
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5.4.-Analysis of the mechanical behaviour at high temperatures by 
means of small punch tests 
The Small Punch (SP) tests have been performed to investigate the performance of the processed 
ODS steels at room and high temperature. The load-deflection curves collected after the SP tests 
have been portrayed in Figure 5.5. 

The processed ODS FS have been 
compared between themselves and with 
the GETMAT steel, a widely studied 
commercial ferritic ODS steel used in 
similar applications, but with a far more 
complex processing route involving 
milling, hot pressing, hot extrusion, and 
heat treatments [1].  

Regarding the microstructure of this 
material, it exhibits elongated grains 
originated in the extrusion step that took 
place during the manufacturing of this 
steel; furthermore, it is characterised by 
the presence of Y-Ti-O fine precipitates 
uniformly distributed inside the grains. 

Although the processed ODS steels have 
underperformed in these SP tests at RT, 
when compared with the GETMAT steel, 
they have exhibited a remarkably 
enhanced behaviour at moderate working 
temperatures (300 °C and 500 °C) 
equalising and even surpassing in some 
cases the mechanical response of the 
GETMAT steel.  

The better response at low temperature 
of the hot extruded material has 
depended on the fibre texture along the 
extrusion direction, whereas the SPS 
steels have not shown any texture after 
the consolidation step. However, at higher 
temperatures, the behaviour has been 
linked to other strengthening 
mechanisms, where the precipitates’ 
density, the composition of these, and 
their thermal stability has led to the final 
performance. 

  
Figure 5.5: Small Punch tests at RT (25 °C) and HT (300 °C and 
500 °C) 
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In addition, the maximum loads that the processed ODS steels have withstood during the SP tests 
have been summed up in Figure 5.6. The addition of Y-Ti-Zr-O to the 14Al-X-ODS and 14Al-X-ODS-
B steels has given rise to an improvement in the mechanical behaviour during the SP tests. This 
has occurred due to the higher density and nature of the precipitated oxides, which have 
triggered a more effective strengthening than the ODS compositions without Y-Ti-Zr-O, limiting 
at high temperatures the movement of the dislocations [12]. 

 
Figure 5.6: Maximum sustained loads in the small punch tests performed at RT, 300 °C and 500 °C 

Additionally, another feature to consider is the influence of the grain size (4.3.1.-Analysis of the 
grain microstructure in the ODS steels, micrometric scale) in the SP behaviour; it can be observed 
how the ODS compositions with lower grain sizes (both micro and UF grains) have exhibited better 
properties as the test temperature has increased. 

Focusing now on the fracture patterns observed in the tested samples at RT and 500 °C (Figure 
5.7), some characteristics could be discussed. In all the samples, circumferential cracks have been 
identified, evidence of the high deformation endured before the final fracture. This has indicated 
an improved toughness and ductility of the samples.  

Furthermore, when the samples have been tested at 500 °C, they have evidenced shorter radial 
cracks which have also been in a higher quantity, indicating this way a more even distribution of 
stresses and, consequently, a satisfactory enhancement of the ODS steels’ toughness when the 
new ODS steels candidates have to work at elevated temperatures. 
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Figure 5.7: Fractography of the SP tested samples at RT (left) and 500 °C (right) 
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A deeper exploration of the fractured samples has been performed and displayed in Figure 5.8. 
The ODS steels containing Y-Ti-Zr-O, have displayed features that have revealed their improved 
toughness. Slip lines (traces of plastic deformation) have been noticed in the cracks, as well as 
regions of dimples or microvoids, which are characteristic of ductile fractures. Finally, some 
plateaus (where the cracks propagated) have also been visible in the inspected samples. These 
high-toughness characteristics have been reported in other investigations too [13,14]. 

 

 
Figure 5.8: Details of the SP fracture patterns detected in the Y-Ti-Zr-O containing ODS steels 

5.5.-Creep performance 
The evaluation of the creep properties of the processed ODS steels has been conducted by means 
of small punch creep tests (SPCT). Typically, SPCT have been used to characterise creep properties 
when the availability of the material to be testes has been limited, e.g., in welding joints and to 
determine the ductile to brittle transition temperature (DBTT) or the mechanical strength. With 
these results, the experiment has shown to be a reliable technique to study the creep behaviour 
of the material. 
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These have been performed in the Helmhotz Zentrum Dresden-Rossendorf (HZDR) with the 
objective of studying the effect of the different ODS compositions, and the achieved 
microstructures in the creep behaviour. Thus, specific loads (250-275-300 N) have been selected 
for all the materials at the same temperature of 650 °C. Nevertheless, the available samples to 
perform these tests have been limited and, initially, because certain test-approaches have been 
conducted on some of these samples to verify the obtained results, one of the materials (14Al-
ODS-Ti-B) could not be examined by the SPCT at 250 N due to a shortage of more samples. 

5.5.1.-Creep curves of the developed ODS steels obtained by SPCT 

The creep curves derived from the SPCT have been exposed in Figure 5.9, and the extracted 
results from these have been reported in Table 5.3. In the curves, it is easily visible how an 
increase in the applied load during the tests has delivered a decrease in the rupture time in 
combination with an increment in the deflection rate, as expected. 

 
Figure 5.9: SPCT creep curves of the developed ODS FS 

The fact that the ODS compositions containing the complex compound Y-Ti-Zr-O and/or boron 
have exhibited exceptionally improved creep resistance with respect to the reference ODS steel 
has been truly remarkable, as all the materials have been processed with the same route. The 
increase of the precipitates’ density when the Y-Ti-Zr-O has been included (4.3.3.-Discussion of 
the precipitates’ features), and the carbides’ refinement due to the effect of B (4.3.1.-Analysis of 
the grain microstructure in the ODS steels, micrometric scale), have been the main responsible for 
this enhancement of the creep behaviour. 
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Therefore, the effect of these additions has been positive to enhance their behaviour against 
creep. This fact has been likewise supported by the lower minimum deflection rates observed in 
the ODS steels containing these additions by comparing them with the reference material 14Al-
Ti-ODS; the decrease in these values could be translated as a higher creep resistance of these 
steels. 

Table 5.3: Small punch creep results of the tested samples at 650 °C and different loads 

 Minimum disk deflection rate 
(µm/h) 

Time to rupture 
(h) 

250 N 275 N 300 N 250 N 275 N 300 N 

14Al-Ti-ODS 0.3 1.3 2.3 186.0 98.4 10.2 

14Al-Ti-ODS-B -* 0.4 1.1 -* 453.3 6.2 

14Al-X-ODS 0.1 0.5 0.3 826.2 182.5 35.5 

14Al-X-ODS-B 0.2 0.2 0.5 1314.1 443.8 63.2 

*Due to the lack of more samples, this test could not be performed 

The creep behaviour in the processed ODS steels has proved to be also very satisfactory, specially 
the 14Al-X-ODS and 14Al-X-ODS-B ODS steel compositions if comparing these results with other 
published investigations where comparable test conditions have been applied to materials 
developed for similar applications.  

Vivas et al. [15] have carried out these same tests at 700 °C on G91 steels (with 9 % Cr), which 
previously had been thermo-mechanically treated and had improved their creep behavior by the 
presence of M23C6 and MX carbides; in the end, the best time to rupture achieved was around 
150 h in their most extreme conditions; it can be noted how the developed ODS FS in this thesis 
work have surpassed these results. M23C6 carbides can be considered as undesirable precipitates 
as their rapid coarsening with temperature induces crack formation at the particle-matrix 
interface. However, the homogeneous distribution of nano-sized MX precipitates (where ODS 
steels could be included) can retard the coarsening of sub-grains and hence improve the creep 
properties. This effect has been extensively studied for creep conditions [16,17]. 

Analogously, in another investigation developed by Zhao et al. [18], P92 steel (a martensitic 9 
wt.% Cr steel) has been examined using the SPCT, obtaining creep values (280 h being the longest 
rupture time) inferior to the ones obtained with the steels of this investigation. 

Furthermore, comparing the manufactured steels in this work with other ODS steels such as the 
MA956 (ferritic 20 wt.% Cr steel reinforced with Y2O3 nano-oxides) or the previously described 
GETMAT steel (14 wt.% Cr, MA, extruded and containing Y2O3 nanoparticles, see 5.2.-
Microhardness measurements) have shown an improvement in the creep behaviour; for further 
information see the analysis developed by Bruchhausen et al in [19]. 

These results have been exposed in various international conferences [20,21]. 
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5.5.2.-Creep behaviour of the manufactured ODS steels 

As described previously in 1.3.3.-ODS creep resistance, the predominant creep mechanisms taking 
place during the creep phenomena could be calculated and discussed using the n stress exponent 
[22], which defines the main creep mechanism involved in the creep process by correlating the 
applied load during the SPCT with the minimum deflexion rate in the Norton’s law (Eq. 5.1). 

𝛿 = 𝐴 · 𝐿  (Eq. 5.1) 

Where 𝛿  is the minimum deflexion rate, 𝐴 is a Temperature dependant constant, 𝐿 is the applied 
load, and 𝑛 is the stress exponent, also known as the Norton exponent. Rewriting the Norton’s 
law (Eq. 5.2), it is possible to calculate this exponent with linear regression. 

𝑙𝑛
𝛿

𝛿
= 𝑙𝑛

𝐴(𝑇)

𝛿
+ 𝑛 · 𝑙𝑛(𝐿) (Eq. 5.2) 

In this equation, 𝛿  is referred to the minimum deflexion rate of the samples tested with the 
lower applied load in the SPCT, which in this work has been equal to 250 N. Representing these 
natural logarithms of the load and the deflexion rates, the n stress exponent has been obtained 
as the slope of these lines, hence, providing information about the creep mechanisms associated 
with this exponent (Figure 5.10). 

 
Figure 5.10: Assessment of the n stress exponent in the developed ODS steels 

The ODS steels containing the Y-Ti-Zr-O compound (14Al-X-ODS and 14Al-X-ODS-B) have 
exhibited n stress exponents close to 5, which meant that the predominant creep mechanism 
activated has been the dislocation climb-glide creep; that is, the value of 5 has implied that the 
creep was mainly motivated by the interactions that have taken place between the dislocations 
and the precipitates [23].  

However, it is relevant to acknowledge that the Norton exponent is usually employed in the 
characterisation of samples tested by uniaxial creep tests [24,25], where the samples are 
stretched with an homogeneous stress. In the SPCT, this equivalent stress varies as the deflection 
in the samples increases, so the n stress exponents obtained with the SPCT could not be identical 
as the ones obtained with the uniaxial creep tests. Nevertheless, it has been meaningful to study 
this Norton’s exponent in the SPCT performed in this work. 
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To deepen the creep properties of the ODS steels tested by SPCT, an additional discussion has 
been performed considering the relations between the minimum creep rate, the applied loads, 
and the time to rupture. In Figure 5.11, the minimum deflection rate has been represented 
against the applied load in the SPCT performed at 650 °C. Again, the comparison between the 
reference ODS steel (14Al-Ti-ODS) with the Y-Ti-Zr-O-added ODS steels (14Al-X-ODS and 14Al-X-
ODS-B) has informed how these last steels have exhibited lower deflection rates, displaying their 
better resistance against creep. 

 
Figure 5.11: Stress dependence of minimum creep rate at 650 °C for the developed ODS steels 

This reveals the effectivity of the precipitates at pinning the dislocations’ movement inside the 
steels, especially the ones derived from the Y-Ti-Zr-O that have reduced the minimum deflection 
rates more actively, and thus, has developed in longer times to rupture. This fact has been 
confirmed in Figure 5.12, where the load has been outlined with the fracture times. It has been 
proved how the retard on the onset of the tertiary creep state due to the interactions between 
dislocations and nano-oxides have provoked the increase in the times to rupture [21]. 

 
Figure 5.12: Load vs time to rupture of the processed ODS steels at 650 °C 
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5.5.3.-Fractography of the tested samples 

By analysing the fracture patterns, it was possible to identify their ductility degree before finally 
breaking. As an example, the fractography of the samples tested with a load of 300 N and at 650 
°C has been gathered in Figure 5.13. 

  

  

  

  
Figure 5.13: Fracture images of the tested samples by SPCT with a load of 300 N at 650°C 
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An important feature to consider examining the post-mortem samples has been the disposition 
of the cracks formed during the SPCT; usually, the formation of radial cracks suggests a brittle 
behaviour, while the presence of circumferential cracks and necking patterns could define a 
ductile fracture of the samples, as this would mean that these would be able to withstand more 
deformation.  

These ductile phenomena have been detected in the ODS steels containing the complex 
compound, which has been in accordance with the creep results, where they have exhibited the 
higher times to rupture from all the tested samples. However, some radial cracks have been 
observed in these samples as well, which have formed during the final tertiary creep stage that 
has led them to their final fracture.  

Though the fractography also resembles the oxidation that took place during the tests in such 
severe conditions, dimples and some highly deformed necks have been identified in the cracks 
just before breaking, hence, manifesting the ductile nature of the fractures. 

Besides, during the SPCT two strain modes have occurred, the bending of the membrane and the 
stretching of the same. The first deformation mode of bending has been associated with the 
primary stage of the creep regime, whereas the stretching of the membrane has taken place 
during the secondary and tertiary stages [26]. 

5.6.-Strengthening mechanisms 
Once the mechanical performance of the processed ODS ferritic steels has been assessed 
experimentally, it is essential to define the different contributions of the strengthening 
mechanisms involved in these materials.  

Consequently, the diverse features related to the tailored microstructures in the steels exert a 
strong influence on the mechanical properties of these, and so, a theoretical approach must be 
considered to explain how they affect the final mechanical behaviour of the developed ODS steels 
in this work. With this objective, the evaluation of the yield strength (𝜎 ) of these materials has 
been estimated using the following equation (Eq. 5.3), which has been taken from the work 
developed by Chauhan et al. in [27]. This way, the estimation of 𝜎  can be corresponded as the 
sum of all the strengthening contributions involved in these steels: 

𝜎 = 𝜎 + 𝜎 + 𝜎 + 𝜎 + 𝜎  (Eq. 5.3) 

Several terms are included in this relation and each of them are defined as following: 

 The 𝜎 , also known as lattice friction or Peierls-Nabarro stress, defines the required stress 
to move a dislocation through a perfect lattice, which in these steels, is considered to be 
an Fe lattice and thus, its value is constant and equal to 53.9 MPa (taken from [28]). 

 To assess the effect of the strengthening due to solid solution in the ferritic matrix coming 
from the main substitutional elements’ Cr or W, the term 𝜎  has been included and 
determined by Eq. 5.4. It is relevant to clarify that in this calculus the solid solution 
strengthening promoted by Al, Ti, Zr or C and N has been considered insignificant and 
thus, has not been taken into consideration. 

𝜎 = 0.00689 · 𝐾 · 𝐶  (Eq. 5.4) 
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Being 𝐾 the Lacy and Gensamer strengthening coefficient of each of the substitutional 
elements considered (Cr and W), 𝐶  the atomic percent of the substitutional elements in 
equilibrium concentration, and 𝑧 a exponent with a value of 0.75. From the literature, the 
values of 𝐾 for Cr and W have been considered as 1400 and 11000 respectively, while 
their presence in the matrix as atomic percent were 14% for Cr and 0.83% for the W. 

 Due to the importance of grain size on the mechanical properties of polycrystalline 
materials, the term 𝜎  has also been included and refers to the grain size or Hall-Petch 
strengthening. The interactions between dislocations and grain boundaries are defined 
by it and can be calculated with Eq. 5.5 as: 

𝜎 = 𝑓 · 𝛼 · 𝐺 ·
𝑏

𝑑
 (Eq. 5.5) 

Where 𝑓  represents the proportion of either UF or micrometric grains area (because 
in the manufactured ODs steels in this work a bimodal grain distribution remains, the 
contribution of each types of regions have been taken into account), 𝑑  represents the 
average grain size for each region, the constant 𝛼  is equal to 0.2, 𝐺 defines the shear 
modulus belonging to pure Fe (85 GPa), 𝑏 is the Burgess vector which has been calculated 
in the most intense XRD peak of every steel and considered as: 

𝑏 = 𝑎 · √3
2 (Eq. 5.6) 

Calculating the experimental value of 𝑎 from the XR data. 

 The contribution of 𝜎  covers the strengthening generated by the interactions between 
dislocations themselves. Due to the blocking of dislocations movement that occurs when 
a mobile dislocation contacts another one that goes through its gliding plane, the steels, 
in turn, will be strengthen. To calculate this effect, the following equation has been used 
(Eq. 5.7): 

𝜎 = 𝑀 · 𝛼 · 𝐺 · 𝑏 · 𝜌 (Eq. 5.7) 

Where  𝑀 is the Taylor factor (3.06), 𝛼  rules the obstacle strength for dislocations by 
dislocations (1/3), 𝐺 is the shear modulus of Fe (85 GPa), 𝑏 is the burger vector, and 𝜌 is 
the dislocations density [9,29] (estimated following the procedure described in 3.4.1.-
Study of the particles’ features/Analysis of the evolution of the crystallites’ size and the 
induced microstrain with the milling time). 

 Additionally, the strengthening contribution coming from the precipitate’s dispersion 
(𝜎 ) has been included and has been calculated using Eq. 5.8 based on the work 
developed in other investigations [30,31]: 

Where, similarly to the previous strengthening factor,  𝑀 is the Taylor factor (3.06), 𝛼  is a 
constant determining the obstacle strength for oxide nanoparticles (1/3), 𝐺 is the shear modulus 
of Fe (85 GPa), 𝑏 is the burger vector, 𝑁  is the precipitates density, and 𝐷  is the average 
precipitate’s size [32,33]. 

𝜎 = 𝑀 · 𝛼 · 𝐺 · 𝑏 · 𝑁 · 𝐷  (Eq. 5.8) 
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Consequently, once all the terms have been defined, Table 5.4 compiles the individual 
strengthening contributions and the total theoretical strengthening (𝜎 ) calculated for the 
developed ODS steels in this work. Besides, these values are compared with the YS estimated 
from the microhardness data (Table 5.1) and the experimental YS obtained during the ex-situ 
microtensile tests (Table 5.2). 

Table 5.4: Strengthening factors involved in the calculus of the theoretical yield strength compared to the ones 
obtained experimentally in the processed ODS steels 

 σ0 

(MPa) 
σss 

(MPa) 
σgb 

(MPa) 
σdis 

(MPa) 
σp 

(MPa) 
σy 

(MPa) 
σy, hardn. 

(MPa) 
σy, exp. 

(MPa) 

14Al-Ti-ODS 54 136 164 692 329 1375 1040 757 

14Al-Ti-ODS-B 54 136 179 666 198 1233 1127 790 

14Al-X-ODS 54 136 217 523 388 1318 1334 884 

14Al-X-ODS-B 54 136 215 583 442 1430 1330 980 

These values are represented in Figure 5.14, where the different contributions have been 
compared with the 𝜎 ,  estimated from the microhardness measurements, and the one 
acquired experimentally from the micro-tensile tests (𝜎 , ). 

 
Figure 5.14: Comparison between the calculated theoretical strengthening mechanisms with the YS estimated with 

the micro-HV, and with the experimental YS 

In the light of this graph, it is clear that among the strengthening factors, the one coming from 
the interactions of dislocations (𝜎 ) and from the nanometric precipitates (𝜎 ) have a strong 
influence on the final estimation of the theoretical YS (𝜎 ). According to these calculations, 
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these two contributions are the main responsible of providing the best mechanical 
performance to the ODS steels. 

The experimental YS extracted from the microtensile tests data (𝜎 , ) differs significantly 
from both the values of 𝜎 ,  and 𝜎  in terms of magnitude. The sum of the calculated 
strengthening factors overpasses the YS obtained in the mechanical testing; on the other 
hand, the estimation of the one calculated through the hardness measurements is slightly 
more accurate to the experimental one.  

Consequently, an overestimation of the real values using these approaches is observable and, 
regarding the theoretical YS, 𝜎 , these variations between the experimental and the 
theoretical outcomes have been reported and discussed by Chauhan et al. in [27] too, where 
they have suggested possible explanations to this difference in the values, such as the 
enlarged contribution from the lattice friction (𝜎 ) and/or the solid solution mechanisms 
(𝜎 ). 

Despite all of this, an increasing tendency is noted when comparing all three YS calculations. 
Aside from the theoretical estimation (𝜎 ) in the reference steel 14Al-Ti-ODS, all the other 
ODS steels’ computations exhibit the same growing trend, in which the additions of Y-Ti-Zr-O 
and B enhance the strengthening of these materials. Hence, as stated in the previous 
paragraph, although the values are not close enough to the experimental ones, the rising 
tendency is maintained and thus, these estimations have proved to explain the strengthening 
contributions in the steels. 

5.7.-Partial remarks 

Once the mechanical characterisation at both RT and HT of the ODS ferritic steels developed in 
this work has been completed, diverse conclusions have been discussed and are briefed next: 

 The tailored microstructure has affected the final mechanical behaviour of the material. 
The best values of microhardness and UTS have been achieved for the 14Al-X-ODS and 
14Al-X-ODS-B compositions, which have been the ones that have exhibited larger UF 
regions and higher precipitates’ densities, due to the inclusion of the Y-Ti-Zr-O compound 
in their composition. 

 Small punch tests have demonstrated the outstanding performance of 14Al-X-ODS and 
14Al-X-ODS-B, achieving similar or better results than the GETMAT material when the 
tests have been performed at HT, again, thanks to the improved nano-oxides’ 
distribution. 

 Looking at the results, the most satisfactory mechanical property detected in both the 
tensile and SP tests is the elevated toughness of the evaluated samples at RT and HT, 
which has been confirmed after examining the fracture patterns of the post-mortem 
samples. Currently, the balance between UTS and toughness has been a remarkable 
aspect to enhance, although in the ODS steels developed in this investigation this issue 
has been dealt with thanks to the presence of a bimodal grain distribution in the steels 
that has been able to improve this ratio. 

 The small punch creep tests (SPCT), although still a novelty in this field, have shown their 
high potential at analysing the creep performance of the steels by properly testing the 
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samples applying different loads at 650 °C, while at the same time only requiring limited 
amounts of material. 

 Regarding the creep properties, excellent results have been achieved in the steels 
containing Y-Ti-Zr-O and/or B additions, which have incremented the precipitates’ density 
and refined the carbides within, respectively. The rupture times have impressively been 
elevated, whereas the deflection rates have decreased, especially when the processed 
ODS steels have been compared with other commercial steels. 

 After studying the Norton’s creep exponent, the predominant creep mechanism involved 
in the ODS steels has been the climb glide creep, which is promoted by the interactions 
between the inner dislocations and the nanometric precipitates. 

 Overall, the mechanical behaviour of the materials evaluated at room and high 
temperatures has displayed very promising and optimum values, comparable to the ones 
obtained in ODS steels developed with a more complex route. 

 The strengthening mechanisms implicated in these ODS steels have been calculated and 
discussed, referencing them with the values obtained experimentally. A growing 
tendency has been detected, through all the estimations, in the YS values of the Y-Ti-Zr-
O-containing ODS steels. 
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6.1.-Preamble to this chapter 
One of the main applications of ODS ferritic steels in the nuclear industry is their use as cladding 
components, hence, the steels must endure aggressive environments at HT and have to be in 
contact with degrading metallic coolants. 

The oxidation studied at HT conditions is a crucial aspect to assess and control. The combined 
effect of O and the kinetic energy apported by the heat provoke the oxidation process on the 
surface of the ODS steels, thus, in order to avoid a deterioration of these, the resistance of the 
steels to a high-rate oxidation has been checked experimentally. Besides, the influence of the 
alloying elements in providing an adequate protection to the developed ODS steels has been 
discussed. 

On the other hand, the steels also must withstand the degradation produced by the metallic 
coolants contacting them once they are employed in the nuclear reactors. Because of their high 
boiling temperature, low viscosity and proper heat exchange among other benefits, both Pb and 
Pb-Bi alloy (also known as lead-bismuth eutectic, LBE) are considered as the main candidates to 
be used as coolants in the next IV-Generation nuclear powerplants. However, they are known to 
partially dissolve and corrode the surface of the steels when they contact these, hence, specific 
strategies have been applied to the developed ODS FS in this thesis work to assess this issue. By 
means of wetting angle measurements at moderate temperatures, and by studying the interface 
between the coolants and the steels, a proper analysis has been accomplished. 

Additionally, all the processed ODS steels have been compared with two commercial ODS steels 
that have also been investigated with the same techniques: 

 PM2000: ferritic steel (20 wt.% Cr) in which nanometric oxides coming from Ti and Y2O3 
have been distributed inside. This steel exhibits an enhanced performance against 
corrosion due to the 5.5 wt.% Al included in its composition. Manufactured by Plansee 
applying a MA to the powders and consolidating them through HIP and post-
thermomechanical treatments [1]. 

 MA956: another 20 wt.% Cr ferritic steel with dispersed nano-oxides within composed 
mainly from Ti and Y2O3 and containing a 4.5 wt.% Al that provides it a high oxidation 
resistance. It has been developed by the International Nickel Company, INCO using a PM 
route in which the powders have been subjected to a MA and later to thermomechanical 
processing at HT depending on the desired final microstructure (such as HIP, hot rolling, 
or hot extrusion) [2]. 

The contents of this chapter have been schematically represented in Figure 6.1. 

 
Figure 6.1: Attended process for the study of the surface stability in the ODS steels 
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6.2.-Oxidation resistance at high temperatures 
The Figure 6.2 shows the plotted curves of the variation of mass gain of the samples as time has 
progressed in the furnace, whereas the temperature has been maintained constantly at 900 °C1. 
All the steels have shown their elevated resistance against the oxidation phenomenon and have 
exhibited a parabolic behaviour of the oxidation kinetics at HT involved during the formation of 
the protective oxide layers. This has been expected, as the presence of elevated percentages of 
Cr and Al has enhanced the oxidation resistance of all the steels by promoting the development 
of these Cr/Al-enriched micrometric layers that limit the reaction of the Fe in the ferritic matrix 
with the external O2- ions. 

 
Figure 6.2: Oxidation curves of the manufactured ODS steels at 900 °C 

For a better understanding of the kinetics engaged in the formation of the protective oxide layers, 
and due to the parabolic nature of the mass gain curves, a mathematical approach (taken from 
[3]) has been performed to calculate the oxidation rate constant (𝑘 ) through Eq. 6.1, which 
relates the mass gain squared (𝑥 ) with the elapsed time (𝑡): 

For this, the slopes deducted from the plots (Figure 6.3 can be considered as an example of these) 
have been compiled in Table 6.1 and compared with the constants of two commercial ODS steels 
such as the PM2000 and the MA956, also obtained experimentally following the same procedure. 
Besides, their associated error (R2, or Pearson correlation coefficient for linear regressions like in 
these circumstances) has also been included. 

 
1 See 3.8.1.-Oxidation tests at HT 
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Figure 6.3: Plot of the squared mass gain vs. time for the 14Al-X-ODS-B steel 

All the ODS steels evidence low oxidation constants and, therefore, display a proper behaviour 
against oxidation. The results show an enhancement of the oxidation resistance in the steels 
developed in this thesis work. This could be explained due to the proper amount of Al and Cr in 
their composition, and to their processing by SPS consolidation. The SPS technique has 
guaranteed a decreased diffusion of the Al in the matrix towards the nano-precipitated oxides 
thanks to the fast consolidation. Thus, because more Al has been available in the matrix, the 
formation of the protective oxide layers enriched in Al has been promoted. 

Table 6.1: Oxidation rate constants for the kinetics oxidation evolution 

 𝒌𝒑 (mg2/cm4·h) R2 

PM2000 5.00·10-4 0.93 

MA956 4.00·10-4 0.97 

14Al-Ti-ODS 0.40·10-4 0.96 

14Al-Ti-ODS-B 1.00·10-4 0.98 

14Al-X-ODS 1.00·10-4 0.99 

14Al-X-ODS-B 1.25·10-4 0.99 

The influence of Zr addition on the oxidation resistance is also evident. The Zr hinders the 
formation of massive Al-enriched precipitates. This ensures a higher presence of Al in the ferritic 
matrix which can form the protective alumina layer more easily. Maeda et al. have corroborated 
these findings in [4] where they have exposed the advantageous effect of Zr in combination with 
a proper content of oxygen (Ex. O), as this element also improves the adhesion of the alumina 
protective scale to the ferritic matrix. Therefore, the inclusion of Zr has been beneficial to enhance 
the performance of the ODS steels against oxidation. 

0 100 200 300 400 500 600 700

 14Al-X-ODS-B
 Linear fit of 14Al-X-ODS-B

x2
 (

m
g2

/c
m

4
)

Time

0

0.03

0.06

0.08

0.05

0.02

0

0.01

0.04

0.07

k
p
=1.25·10-4



Chapter 6: Surface stability of the ODS steels 

140 

Additionally, the high Pearson correlation coefficients, which indicates how approximate are the 
mass gain and the time to a linear regression, resemble the elevated precision achieved at the 
computing of the oxidation rate constants, as no R2 has been lower than 0.93. Furthermore, 
morphological and compositional examinations have been carried out on the oxide’s scales that 
have formed during the oxidation tests. These results are shown in Figure 6.4, where features like 
the thickness of the layer, its shape and its chemical composition have been displayed in SEM 
images and SEM-EDX mappings. 

  

  

  

  
Figure 6.4: SEM images of the oxide’s layers after 600 h at 900 °C (left), EDX compositional mappings of 

the oxide scales after the oxidation tests (right) 
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A continuous and well adhered oxide layer has been formed on all steels exposed to oxidation for 
600 h at 900 °C. From these analyses, it is evident that in all cases the external oxide layer has 
mainly been constituted by Al and O, creating an alumina layer, while the interior has been 
comprised by the ferritic stainless steels. Even though the EDX mappings do not show a strong 
presence of Fe or Cr in the oxide layer, a slight segregation of these elements is appreciated from 
the interior of the matrix towards the alumina coating.  

In fact, in the absence of Cr, the percentage of Al required to form the protective layer would be 
so high that the mechanical properties would be excessively reduced. The addition of Cr reduces 
the Al required to form the oxide layer, effect known as the third-element effect (TEE) as stated 
in [5,6]. This principle explains the influence of Cr in the formation of the Al2O3 layers when both 
Cr and Al are present and constant in the Fe-containing alloy. When the Cr surpass a certain limit 
amount (which is usually around 3-5 at. %), then the formation of the alumina layer is favoured 
even if a high Al content is not included in the ferritic matrix. This happens in Fe-Cr-Al alloys 
because three zones are differentiated once the oxidation takes place: 

 An alumina layer, which is formed on the external surface and is responsible for avoiding 
the formation of Fe-O oxide, and thus, providing a high corrosion resistance. 

 Below this alumina layer, a surface zone is discerned where Cr and Al are depleted and in 
a minor proportion. Due to the formation of the alumina layer, Al is depleted, whereas, 
initially, the Cr establishes Cr-rich oxides on the surface, hence producing a deficiency of 
Cr in this surface zone. 

 Below both of these zones, the bulk zone remains containing the correct percentages of 
Fe, Cr, and Al. 

The reduced presence of Al and Cr in the surface zone provokes a diffusion gradient in which the 
Al coming from the bulk zone moves to the external alumina layer, favouring a more efficient 
formation of this layer in comparison with Fe-Al alloys [7,8]. From the examinations, it is clear the 
advantageous addition of Cr to enhance the formation of the α-alumina layer in the ODS steels 
processed in this investigation, provoking a lower oxidation rate of these with a reduced constant 
growth of the scale [9]. 

On top of everything, after 600 h at 900 °C, the thickness of these oxide protective layers has 
been comprehended between 2-3 µm, all of them with a proper adhesion to the substrate as 
displayed in the SEM examinations. This low thickness of the scales is in accordance with the low 
oxidation rate constant values calculated previously in Table 6.1. 

In the end, no excessive porosity has been detected in the alumina top scale, fact that favours the 
satisfactory protective performance against oxidation at HT, by hindering the diffusion of O2- ions 
into the inner bulk of the ODS steel. 

6.3.-Study of the interactions between the ODS steels and metallic 
coolants 
The low melting points and their ability to operate at high temperatures without boiling, means 
that liquid heavy metals ,such as Pb and Pb-Bi alloy (lead-bismuth eutectic, LBE) can be proposed 
as coolants not only for Generation IV nuclear reactors, but also considered in concentrated solar 
power systems [10]. These heavy metals must have adequate physical properties, such as proper 
thermal conduction, low thermal expansion and melting point, non-reactivity to water and 
decreased neutron absorption in the case of nuclear reactors.  
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Furthermore, the use of Pb and LBE has been specially encouraged due to their ability to reach 
HT of about 900 °C, in contrast to other coolants which cannot work properly at these 
temperatures like oil-based fluids (disintegration when temperatures surpass 600 °C), gases (low 
heat transport due to low density), or molten salts (high melting points). Thus, even though Pb 
and LBE also carry some issues in their use like their corrosiveness and embrittlement of the 
structural materials they get into contact with after long exposure-times. Then, these materials 
must withstand corrosion (by exhibiting low corrosion rates) and maintain their mechanical 
properties (avoiding the liquid metal embrittlement, LME) under the contact of these coolants 
[11,12]. 

Therefore, it is critical to analyse the possible chemical or physical interactions that may occur 
between these metallic coolants and the surface of the ODS FS manufactured in this work2. 

With this objective, the compatibility between the coolants and the steels has been studied by 
measuring the superficial wettability of the Pb and the LBE alloy with the steels. Therefore, the 
wetting angle (WA) of the melted coolants drops has been measured at moderate temperatures 
under vacuum when in contact with the processed ODS FS without prior oxidation. 

The values of these angles describe several features, but the most important is the wettability of 
the molten metal. In this manner, these values of these superficial properties would be 
incremented or decreased depending on the measured WAs, if they are low (~40°-80°), then high 
wettability, adhesion and surface free energy should be expected, while on the contrary, if the 
WA is elevated (~80°-130°), consequently the coolants and the steels’ surface will have low 
compatibility and poorer response resulting in inferior or non-existent interactions. Then, the 
ideal scenario to attain in the ODS FS is that the metallic coolants can wet the steels (easily done 
when the temperature is increased to high values, ~ 900 °C [13]) but without corrosion of these 
due to the effect of Pb and LBE. In the end, because both of these conditions are excluding, a 
compromise must be achieved. 

Table 6.2 compiles all the wetting angles of Pb and LBE with the polished surfaces of the ODS FS 
together with the contact angles obtained in the commercial ODS steels PM2000 and MA956 
which have also been tested to be compared with the ODS steel compositions developed in this 
work. 

Table 6.2: Wetting angle outcomes at the end of the tests 
 WA with Pb WA with LBE 

PM2000 160° 127° 

MA956 145° 133° 

14Al-Ti-ODS 140° 93° 

14Al-Ti-ODS-B 132° 90° 

14Al-X-ODS 149° 114° 

14Al-X-ODS-B 122° 102° 

 
2 More information about the experimental process in 3.8.2.-Study of the interactions in the metallic 
coolants/ODS steels interface 
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The evolution of the wetting angle as the test-time progressed has been computed for all the ODS 
ferritic steels compositions and represented in Figure 6.5 for the tests carried out with the steels 
and Pb, and in Figure 6.6 for the ones correspondent to the LBE (Pb-Bi alloy). 

  

  
Figure 6.5: Wetting angle evolution for the ODS steels with Pb at 400 °C 

  

  
Figure 6.6: Wetting angle evolution for the ODS steels with Pb-Bi alloy (LBE) at 250 °C 
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In light of these results, it is worth to remark that at these temperatures all the tested materials 
display a non-wetting behaviour (due to the formation of a protective alumina scale) with both 
the Pb and the LBE metallic coolants, on behalf of the high WAs exhibited. As mentioned above, 
wetting can be improved with an increase in temperature, thus making heat exchange more 
efficient in reactor applications, although this improvement in wetting would lead to more 
aggressive dissolution of the ferritic matrix by the metallic coolants. Thus, it is satisfactory that, 
at these moderate temperatures (below working temperatures), the steels are chemically inert 
to Pb and LBE coolants. 

Additionally, to better understand the chemical interactions produced between the metallic 
coolants and the processed ODS steels, SEM and EDX examinations have been performed on the 
interface between the drops of either Pb or LBE alloy with the surface of the steels. These 
examinations are appreciable in Figure 6.7 for the Pb drops and in Figure 6.8 for the LBE alloy 
drops. 

  

  

  

  

Figure 6.7: SEM images of the interfaces between Pb and the ODS steels (left), EDX compositional 
analysis (right) 

Overall, the ODS steels’ surfaces resemble again their ability to remain stable in the presence of 
Pb. Minor chemical interactions are observed in the surfaces of some of the steels, although the 
attack is not too heavy and only reaches from 2-3 µm of the top of the surface to the interior of 
the steel. 

Although the tests have been performed in vacuum, the steels have taken part of the remnant O 
in the interior of the chamber and have formed in some cases a thin protective alumina layer, 
alike the ones that had appeared during the oxidation tests. This layer has proved to be beneficial 
because it has reduced the dissolution suffered by the steels when the Pb was in contact with 
them. The EDX mappings show the formation of these protective scales and how they stop the 
diffusion of Pb into the interior of the steels, especially in the case of the 14Al-X-ODS steel 
composition. In an alternative scenario in which the tests had been performed in an air 
atmosphere, these oxide layers would have grown to a bigger thickness. 
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Figure 6.8: SEM images of the interfaces between LBE (Pb-Bi) alloy and the ODS steels (left), EDX 
compositional analysis (right) 

The results of the chemical interactions occurred between the LBE alloy and the manufactured 
ODS steels show again the proper superficial behaviour against harsh degradation provoked by 
the metallic coolant. The Pb-Bi alloy has not been able to penetrate into the steel, again, thanks 
to the formation of a thin alumina scale acting as a protective barrier against the LBE coolant. 

Furthermore, these results suggest that the metallic coolants are not able to compromise the 
mechanical behaviour of the ODS FS due to liquid metal embrittlement (LME). As the name refers, 
this condition diminishes the ductility of certain steels when in contact with particular liquid 
metals, such as Pb and LBE, which could aggravate the mechanical performance by dissolving the 
material in the cracks once they form. This phenomenon has been investigated in other reference 
ferritic-martensitic steels in the industry such as the T91 or the Eurofer97 [14,15]. To avoid the 
LME, the steels must be capable of forming a protective oxide layer, just as the one formed on 
the processed ODS steels in this thesis work. Therefore, it is unlikely that these steels suffer this 
LME issue. 

Overall, the self-protection behaviour of the processed ODS FS at moderate temperatures has 
been checked. Both the wetting angles’ measurements and the SEM and EDX examinations have 
shown that the corrosion, dissolution, and LME phenomena induced by the Pb and LBE metallic 
coolants are minor and thus, from a surface stability perspective, the steels are perfectly capable 
of working as components in powerplants’ reactors. 

6.4.-Partial remarks 
In this chapter the assessment of the surface behaviour of the processed ODS steels regarding 
their oxidation resistance and their chemical stability to the metallic coolants has been 
performed. The main conclusions deduced from the experimental data have been the following 
ones: 

 After 600 h at a temperature of 900 °C, the ODS ferritic steels developed in this work have 
exhibited a solid performance against the oxidation phenomena at high temperature 
(HT). 
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 A non-stoichiometric alumina layer has formed in the surface of the steels acting as a 
barrier against oxidation, preventing the corrosion of the ferritic matrix. 

 All the steels have shown parabolic oxidation kinetics in regard to the mass gain of the 
steels as the oxidation tests have progressed through time. This fact has been explained 
due to the more limited diffusion of the O2- ions in the bulk of the steel as the thickness 
of the protective scale have increased. 

 The calculated oxidation rate constants (𝑘 ) of the manufactured ODS steels have proved 
to be significantly low in general, and specifically, had lower values in comparison with 
the ones obtained for the commercial steels PM2000 and MA956. 

 The addition of adequate weight percentages of Cr in combination with Al has facilitated 
the formation of the Al2O3 layer by means of the third-element effect (TEE), which 
portraited how the Cr promotes the formation and adhesion of the protective alumina 
scale. EDX compositional analyses have shown the barrier effect of the alumina scale by 
preventing the oxidation of the ferritic matrix. 

 The presence of Zr in the ODS steels, thanks to the addition Y-Ti-Zr-O, have improved the 
oxidation resistance due to its ability to avoid the formation of Al-containing precipitates 
that would have decreased the Al content available to form the protective alumina scale. 

 Wetting angle tests performed in vacuum at elevated temperatures have defined the 
stability and chemical interactions of the ODS steels with the metallic coolants of Pb and 
lead-bismuth eutectic (LBE, Pb-Bi). 

 From the measured contact angles, the ODS steels have shown high values at moderate 
temperatures and so, have proved to be chemically inactive to the Pb and LBE coolants. 
This has guaranteed their adequate behaviour at remaining protected to the superficial 
degradation produced by the metallic coolants. 

 The formation of the protective alumina scale on the steels has resulted in an 
improvement of their performance at withstanding the deterioration and liquid metal 
embrittlement (LME) that the Pb and LBE coolants have delivered. 
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7.1.-Conclusions 
The present thesis work had established as main objectives the processing of ODS steels through 
a PM route, and their examination in terms of microstructure, mechanical properties at RT and 
HT and surface stability. By varying the composition of the steels, 4 ODS ferritic steels have 
successfully been manufactured applying a MA on the powders followed by a SPS consolidation. 
The effect of the Y-Ti-Zr-O and/or B additions on the steels has been studied and discussed, 
showing remarkable variations that, overall, proved to be beneficial for the development of next-
generation ODS FS. 

Along this manuscript, partial remarks have been elaborated at the end of each chapter; however, 
they have been summed up next off: 

Regarding the starting powders and the new formulations of the ODS steels’ microstructure: 

 The nanometric Y-Ti-Zr-O compound has been correctly synthesised through a co-
precipitation method in water, with high segregation of the oxide formers in the complex 
oxide and without C contamination, generating a proper powder that has been 
incorporated in the MA. 

 All the developed ODS steels have been fully densified, have shown a bimodal grain 
distribution, and have developed a fine distribution of nanometric oxides thanks to the 
favourable processing parameters selected in the PM route, which have proved to be less 
complex than other manufacturing routes. 

 The inclusion of B in the steels has affected the morphology of the carbides formed in the 
grain boundaries by making them rounder, which has enhanced the mechanical 
behaviour at RT and has also improved the creep properties. 

 The steels with Y-Ti-Zr-O additions have attained increased nano-oxides’ densities (from 
1.5·1022 to 5.5·1022 ox/m3) thanks mainly to the presence of Ti and Zr, being this last 
element the principal responsible of refining the nanometric oxides (down to 3-10 nm). 
However, the formation of Y-Al-O type precipitates could not be completely avoided with 
the Zr inclusions. 

 An assessment of the thermal stability of the nanometric precipitates has been developed 
by in-situ TEM explorations. These have evinced that after a 550 °C annealing, no changes 
have occurred in the position, morphology, and size of the oxides, dislocations, or grains. 
Thus, the steels have shown their ability to properly behave at working temperatures. 

Concerning the mechanical performance of the ODS steels: 

 The achieved microstructures in the ODS steels have positively affected their final 
mechanical performance. The microhardness and UTS values at RT have been 
incremented in the compositions with the Y-Ti-Zr-O compound (14Al-X-ODS and 14Al-X-
ODS-B), mainly due to the enhanced nano-oxides’ densities. 

 Likewise, the SP tests have shown the remarkable performance of the Y-Ti-Zr-O-
containing steels, specially at HT when these steels have proved to equal or even surpass 
the behaviour of other commercial steels like the GETMAT alloy. 
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 Besides, an enhancement of the strength/toughness ratio has been achieved as a result 
of the attained bimodal grain distribution, delivering ODS steels with increased ductility. 
This feature is particularly notable when contrasting it with the general poor ductility 
attained in other commercial ODS steels processed in the industry. 

 The most remarkable feature of the ODS steels manufactured in this investigation has 
been their creep resistance. The SPCT performed at 650 °C with different loads have 
revealed the excellent behaviour against creep in the ODS steels that incorporated both 
the Y-Ti-Zr-O and the B, achieving outstanding times to rupture (> 1300 h with an applied 
load of 250 N) and diminished deflection rates compared with other commercial steels. 

 These solid results in the mechanical behaviour have also demonstrated the benefits of 
their development through a PM route by saving processing stages while achieving 
mechanical properties improved at the same time. 

About the surface stability of the steels that have been studied: 

 Due to the presence of adequate proportions of Cr and Al in the ferritic matrix, the ODS 
steels have disclosed a superior resistance to oxidation at HT. Even after the tests have 
been carried out for 600 h at 900 °C, the alumina scale formed on their surface has proved 
its effectiveness at protecting the steels. 

 Analogously, the steels have also resisted at moderate temperatures the surface 
degradation and liquid metal embrittlement (LME) provoked by the metallic Pb and LBE 
alloy coolants, in agreement with the wetting angle measurements performed. 
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7.2.-Future outlooks 
The results produced along this investigation have proved to be valuable and could very well 
enrich the understanding of ODS steels with respect to their composition and processing. 
However, several future studies may be performed to assess features of the ODS steels at a 
deeper level. 

Some of the proposed guidelines that could help with the development of high-performance ODS 
FS would be: 

 Intensification on the synthesis of the Y-Ti-Zr-O or similar compounds that also deliver 
the elements responsible for the formation of the nanometric precipitates. Alternative 
synthesis processes could be investigated to deliver increased oxides’ densities and lower 
precipitates’ sizes. 

 Analysis of the recovery processes involved during the SPS consolidation stage. The 
preparation of enhanced bimodal grain distributions could be better controlled if these 
processes are better understood. 

 Although the influence of the nanometric oxides on the dislocations’ pinning has been 
demonstrated, a more profound study on the chemical nature of the nanometric oxides 
and their precipitation kinetics should be performed. This could lead to the future 
development of refined oxides without Al in their composition. 

 Regarding the viability of their manufacturing in industry, the development of the ODS 
steels using a PM route at high scale is decidedly recommendable. Improvements in SPS 
consolidators that operate higher amounts of powders could lead to variations in 
morphology and size while maintaining the features related to SPS consolidation. 
Alternatively, their manufacturing through additive manufacturing techniques would be 
highly engaging to process these steels at a higher scale. 

 Assessment of the effects produced by welding processes on the microstructural and 
mechanical features in the ODS steels. In order to be implanted in energy powerplants’ 
components, these effects must be addressed in case any issues may develop. 

 Use of thermo-mechanical treatments (TMT) that could improve the mechanical 
performance of the steels by enhancing the oxide’s dispersion and affecting the grain 
microstructure. 

Now, with the objective of further characterising the ODS steels: 

 Identification of the B segregation employing techniques such as atom probe tomography 
(APT) or electron energy loss spectroscopy (EELS), thus, exposing the influence of this 
element in the M23C6 carbides and its possible effect at pinning grain boundaries. 

 To assess the response of the ODS steels working at HT, it is recommended to perform 
microtensile, compression or nanoindentation tests at HT. 

 Development of extra SPCT at different temperatures and applied loads to further 
examine the creep properties of the ODS steels. Analogously, compare the obtained 
results with regular uniaxial creep tests to confirm the accuracy of the SPCT at studying 
the creep behaviour of the steels. 
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 Characterisation of the interactions and thermal stability of the dislocations, nano-oxides, 
and grain boundaries with increasing temperature. For this, in-situ TEM evaluation would 
be hugely advisable to assess the possible changes that may develop in the steel 
microstructure as the temperature rises. 

 Finally, due to their possible application in nuclear reactors, a critical study must be 
performed regarding the irradiation stability of the ODS steels. 


