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1.1. Current energy situation and nuclear fusion  

 

At present there are more than seven billion people living across the globe. One of the direct 

consequences of the large population is the increased demand for energy. In 2017, the total 

energy consumption was more than five times larger than it was in the mid-20th century 
[1]. However, even decades after the introduction of renewable energy sources, such as 

wind and solar energy, the vast majority of energy sources are still gas and oil. This results 

in a large amount of CO2 emissions. According to the 2018 UN report on climate change, 

the Earth’s temperature is approximately 1.0 °C higher than pre-industrial levels [2]. The 
same report warns that the aforementioned temperature difference is likely to reach 1.5 °C 

in next 30 years, if the increase continues at the current rate. There is thus a pressing need 

for the scientific community to find a sustainable solution.  

Many alternatives for the fossil fuels, such as wind, hydro, solar and geothermal energy, are 

being employed presently. However, these sources have some limitations. They can be 

successfully utilized only at certain geographical locations, and the amount of energy 

produced per unit time is limited. They are often quite expensive to produce (solar panels) 

and can noise pollute the environment and affect the wildlife (wind turbines).  

Another non-fossil alternative is nuclear energy. At the moment, 11 % of the global 

electricity production comes from 450 nuclear fission power plants [3]. This type of energy 

has been available for the past 70 years, but it’s not without its problems. The main issue 

with fission-based power plants has been the safety of the production process. In its 

relatively short history, there have been two large-scale accidents that have shaped the 

general population’s opinion on the subject of nuclear energy. In 1986, the accident in 

Chernobyl (Ukraine) happened due to an operational mistake, and in 2011 the accident in 

Fukushima (Japan) happened due to the equipment destruction by a tsunami. Both 

accidents left a significant impact on the environment and have been a final push for some 

countries to phase out fission-based nuclear energy production [4]. One more solution to 

the global energy crisis seems to reside in another form of energy production – nuclear 

fusion.  

In 1926 Arthur Eddington published a theory that fusion of hydrogen is the main process 

that “fuels” all of the stars in the Universe, including the Sun, whose mass is mainly 

dominated by hydrogen (more than 70 % [5]). At room temperature, there exists a repelling 

electrostatic force between positively charged nuclei of atoms. However, once that 

temperature is increased to some 15 million degrees Celsius (which is the temperature of 

the Sun’s core), aided by the Sun’s gravitational energy, H atoms begin colliding at very large 

speeds, thus having energies that will help overcome the electrostatic repulsion.  

The easiest way to replicate this process on Earth was shown to be a reaction between 

deuterium ( 
  and tritium 
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 (1)

where n is a “fast” neutron with energy of 14.1 MeV and 
  is an alpha particle carrying 

energy of 3.5 MeV. This reaction is only possible when the hydrogen plasma is well confined 

and heated to  200 million degrees Celsius as to overcome the Coulomb barrier that 

naturally prevents positively charged nuclei of particles from fusing.  

Fusion reaction fuels, deuterium and tritium, are virtually inexhaustible. Deuterium is 

widely available and obtained from distilling water while tritium will be produced during 

the fusion reaction by neutrons interactions with lithium as shown in Equations 2 and 3.  




 


 


(2) 




 


 

(3) 

Some of the main advantages of fusion as an energy source are that it is “green “, meaning 

that it does not produce CO2 or any other harmful gasses. It is safe as there is no fear of 

meltdowns. Unlike fission power-plants that house a huge amount of long-lived radioactive 

waste (U235 has a half-life of 700 million years), the radioactive products of a fusion plant 

are activated in-vessel materials and tritium, which appears in small quantities along with a 

short half-life of about 12 years. The risk of proliferation is low as there are no radioactive 

materials in the fusion reactor that could be used to make weapons (tritium is not fissile).  

In the 1950’s scientists began researching the ways to build the “Sun on Earth”. As the main 

substitute for the Sun’s strong gravitational force, the idea of magnetic confinement of 

plasma was born and two types of devices were envisioned - tokamak and stellarator. Due 

to its simpler magnetic confinement design, tokamak has taken the first seat in the fusion 

world. Two main projects – the experimental fusion reactor ITER and the demonstration 

power plant DEMO - are going to be tokamaks.  

ITER, being built in the southern part of France as a collaboration of 35 nations, is a crucial 

project for advancement of the fusion reactor knowledge. It will be the first fusion reactor 

that will produce more energy than what was used to heat the plasma. In the next step the 

demonstration power plant or DEMO (schematics given in Figure 1) is envisioned to be a 

medium point between the ITER project and the first commercial fusion power plant. It is 

predicted that DEMO will perform under fuel self-sufficiency, unlike ITER [6].  
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Figure 1. Schematics of a demonstration power plant, taken from [6]. 

 

1.2. Components of a nuclear reactor 

 

As can be observed in Figure 1, the outer part of a nuclear fusion reactor will be composed 

of a cryostat, which is a high-vacuum pressure chamber made of stainless steel and a super-

conducting magnet system whose job is to contain plasma inside the vacuum vessel. The 

biggest challenge in terms of materials comes from the materials that will constitute in-

vessel components. They will have to sustain very high radiation damage, temperatures and 

rate of production of transmutation gases, all of which can seriously impact their 

performance and structural stability and jeopardize safety of the reactor operations. The 

in-vessel components can be divided into plasma facing, structural and functional 

components, such as tritium breeding blankets, neutron multipliers, insulators for plasma 

diagnostics, etc.  

The plasma facing components of a fusion reactor protect the surrounding structural 

components from the heat and neutron irradiation. Hence, these components will face the 

harshest conditions with temperatures above 1000 °C, high plasma particle collisions and 

extreme power loads. Success of a nuclear fusion reaction depends heavily on the stability 

of the plasma, so the plasma-first wall interaction is a very important issue in designing the 

reactor. Particles coming out of the plasma along with high heat fluxes cause the first wall 

to erode and release impurities into the chamber, thus lowering the amount of produced 
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power. These impurities can also be re-deposited on other components in the vacuum 

vessel, causing problems in the long run, such as fuel retention (tritium retention). With this 

in mind, materials constituting the plasma facing components are required to have 

threshold for deuterium and tritium sputtering, low tritium retention, stability at high 

temperatures and high thermal shock resistance [7].  

Tritium breeding is an essential process in a fusion reactor (see equations 2 and 3) as this 

hydrogen isotope, alongside deuterium, is a fuel for nuclear fusion reaction and not widely 

available in nature. Its production will be accomplished in a component called breeding 

blanket which is located behind the first wall facing the plasma. It consists of a lithium-based 

breeding material, beryllium or lead-based neutron multiplier, a coolant system and the 

structural material that binds these components. The blanket also absorbs fast neutrons 

coming from the plasma, converts their energy into heat, thus generating the power output. 

It also acts as a shield from neutron and gamma radiation for outer structural components. 

Materials investigated for all in-vessel components are shown in Table 1.  

 

Table 1. Overview of candidate materials considered for different in-vessel components 
(adapted from [8]) 

 First wall Divertor Breeding blanket 

Plasma 

facing 

materials 

W and W based alloys, W coated 

SiC and ODS/RAFM steels, Be, 

liquid Li 

W based alloys, W 

coated SiCf/SiC, liquid 

metals 

____ 

n+ multiplier ____ ____ Be and Be based 

alloys, Pb 

T breeding  ____ ____ Liquid Li, Eutectic Pb-

Li, Li based ceramic 

pebbles 

Structural 

material 

RAFM steel, ODS steel, V-based 

alloy, SiCf/SiC 

ODS steel, W-based 

alloy 

RAFM steel, ODS 

steel, V-based alloy, 

SiCf/SiC 

Coolant ____ Water, He Water, He, Eutectic 

Pb-Li, Li 

 

1.3. Advanced structural materials  

 

Structural materials of a nuclear fusion reactor will be subjected to high mechanical, 

electromagnetic and heat loads, and high neutron fluxes. Chosen materials will have to 

sustain the damage produced by the 14 MeV neutron irradiation, temperatures up to 

700 °C, and large amounts of He produced in the material by transmutation reactions [9,10]. 

The materials need to have good mechanical behaviour at high temperatures, withstand 
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high thermal fluxes and shocks, have a good thermal conductivity and resistance to 

radiation damage. They should also satisfy the requirement of low activation so that if 

activated during the operation lifetime the half-life will be so small that after 50-100 years 

the radioactivity will be negligible [11]. Another constraint for fusion structural materials is 

the international requirement for intrinsic safety, for example no need of public evacuation 

in case of an accident such as loss of coolant [12].  

An important standard of material selection for structural components of nuclear fusion 

reactor is their operating temperature window (Figure 2). This window is in general limited, 
on the lower temperature, by irradiation induced embrittlement, while at higher 

temperature by loss on the mechanical strength.   
 

  
Figure 2. Temperature windows for some candidate materials for structural components 
(adapted from [13]). Pink colour represents uncertainties in the minimum and the 

maximum temperature limits.  

 

1.3.1. RAFM steels for DEMO  

The structural material proposed for the in-vessel ITER components is austenitic stainless 

steel (more specifically type 316 ITER grade [6]). Austenitic steels have been heavily studied 

since the 1980’s and have already been successfully employed in different nuclear reactor 

systems, such as light water and fast breeder reactors. They have a well-known behaviour, 

wide property database and great manufacturability [14]. With their adequate mechanical 

properties, welding ability and corrosion resistance they represent good candidates for 

0 250 500 750 1000 1250 1500

Temperature (C)

RAFM

ODS ferritic

V-4Cr-4Ti

SiCf/SiC

W
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ITER, as it is planned to have a pulsed operation mode, low neutron fluence and low 

temperature, when compared to its planned successor, DEMO.  

Some of the limitations of these conventional steels are swelling and embrittlement due to 

high production of transmutation gasses, significantly lowering the operation temperature. 

Also, the composition containing high activation elements (such as niobium, molybdenum, 

nickel, etc.) is not compatible with the neutron environment in the fusion reactors, which 

is why they had to be severely restricted or substituted with lower activation elements. 

However, attempts to substitute Ni by Mn were not successful [15].   

One of the objectives of R&D for fusion is to design materials which exhibit low levels of 

radioactivity when activated allowing for safe operation and contact maintenance. This led 

to the development of reduced activation ferritic-martensitic steels (RAFMS) in the mid 

1980’s [16]. In these RAFMS steels, Ni content was reduced to ppms and Mo and Nb were 

replaced with V, W and Ta [17].  

Compared to austenitic steels, with fcc (face centre cubic) crystal structure, bcc (body 

centre cubic) structured  ferritic-martensitic steels exhibit superior resistance to radiation 

induced changes such as swelling, He embrittlement, higher coefficient of thermal 

conductivity and irradiation creep at temperatures larger than 0.4Tm, (where Tm is the 

melting temperature), making them main candidates for structural materials of Gen IV 

fission nuclear reactors as well as for first wall and blanket structures for fusion nuclear 

reactors [9,10,18–26]. In comparison to austenitic steels, RAFMS are compatible with Li 

based breeding materials and coolants [27,28].  

One of the disadvantages of materials with bcc structure is their ductile to brittle transition 

temperature (DBTT) due to bcc dislocations having a thermally activated mobility [29]. The 

irradiation hardening at low temperatures (< 300 °C) can lead to a large increase in the 

DBTT, to temperatures above room temperature. This limits the minimum operating 

temperature to   300 °C. The maximum operating temperature is mainly limited by the 

mechanical strength reduction that happens at   500 °C and lowering of creep strength 

that happens above 600 °C [30–32]. Another drawback of RAFMS is that they also exhibit 

ferromagnetic properties that may affect control of the plasma [29,33]. 

Under neutron irradiation, the diffusion, agglomeration and interaction of existing and 

newly introduced interstitials and vacancies can profoundly change the properties of the 

material. Hence when designing radiation resistance materials for nuclear reactors there 

are some design options to be considered: use of matrix phases that show radiation 

tolerance, materials in which diffusion of vacancies is low at operational temperatures or 

materials with high densities of point defect sinks [34].  

When selecting the mechanical properties of the material, there has to exist a balance 

between ductility and strength. This can be achieved with the right alloying addition. An 

important condition that a structural material should fulfil is work hardening ability, i.e. 
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becoming stronger when plastically elongated for more than a few percent which allows 

robustness in the event of sudden stresses such as high-current plasma disruptions, etc [24]. 

Another goal of material development is to raise the upper operating temperature limit to 

beyond 550 °C [35].  

 

1.3.2. Oxide dispersion strengthened steels 

The performance of RAFM steels for nuclear applications can be improved by oxide 

dispersion strengthening with small particles of Y2O3 and/or other rare earth oxides 

dispersed throughout the matrix [36]. These materials are called oxide dispersion 

strengthened (ODS) steels [37–46].  

ODS steels are characterized by high a density of dislocations and fine grains. They exhibit 
superior high temperature tensile and creep properties when compared to RAFM steels 

[47]. Dispersed nano-oxides could act as traps for irradiation-induced He bubbles, thus 

inhibiting void swelling at high temperatures and accumulations at grain boundaries causing 

embrittlement. Small He bubbles can also act as points of recombination for self-interstitials 
and vacancies.  

Depending on their chromium content, ODS steels can be divided into 9-12Cr (wt%) reduced 

activation ferritic-martensitic ODS steels (ODS RAFMS) and 14-18Cr (wt%) reduced 

activation ferritic ODS steels (ODS RAFS) [48]. Although ODS RAFMS exhibit lower DBTT 
when compared to ODS RAFS, the former exhibit better mechanical properties at higher 

temperatures and superior oxidation/corrosion resistance thus better compatibility with 

coolants  [49,50]. 

The improvement of the aforementioned corrosion resistance is due to the presence of Cr 

[51,52] which forms an oxide layer on the surface of the material. The oxide thickness is 
inversely related to Cr content, the thickest oxide was observed for the lowest Cr content, 

and the thinnest one the highest [53]. Besides this, Cr also serves to strengthen the ferrite 

matrix by solid solution and to stabilize the ferritic phase [51]. However due to susceptibility 

of ODS steels to α’ embrittlement at a temperature range 300 - 500°C, Cr content has to be 
chosen carefully.  For fusion conditions, the Cr content in ODS RAFS should ideally be kept 

between 12-16 wt%  [48,54–56]. 

Most ODS materials are produced by dispersing < 0.5 wt% Y2O3 particles with sizes < 30 nm 

in the steel matrix. The addition of 1-3 wt% of W offers solution hardening  while Ti aids the 

dissolution of the yttria and formation of nano-scaled Y-Ti-O nano-oxides [57,58]. Oxides 
containing Ti enhance dispersion hardening  effect and creep rupture strength at high 

temperatures [38,59,60]. The content of Ti has to be kept < 0.5wt% to prevent the 

formation of large TiO2 particles that would induce embrittlement [51].   

 

While RAFMS are manufactured by industrial-scale vacuum induction melting techniques, 

ODS steels are produced by a more complex process including mechanical alloying followed 
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by hot consolidation and subsequent thermal, mechanical or thermomechanical 

treatments, as schematically shown in Figure 3. 

 
 

 

 

 

 

 

 

 

 

 

Figure 3. An example of the production of oxide dispersion strengthened steel by 

mechanical alloying, hot consolidation and subsequent treatments [37]. 

During this process, the metal powder (either elemental or pre-alloyed) and the oxide 

powder are first milled in a high energy ball mill under inert gas atmosphere to avoid 

contamination. This mechanically alloyed powder is then canned and de-gassed before 

moving on to consolidation. 

There are several consolidation processes from which to choose - hot isostatic pressing 

(HIP), hot extrusion (HE) and spark plasma sintering (SPS). The final structure and properties 

of the material are strongly influenced by the processing route taken, as HIP introduces 

more random texture and equiaxed grain structure while HE materials show poorer 

mechanical properties in the direction transverse to the one of extrusion, thus requiring 

recrystallization for a more isotropic grain structure [61]. SPS consolidation is done by short 

pulsed (less than a millisecond)  direct electrical current, resulting in less grain growth that 

could yield better properties although it is still in exploratory phase [62]. 

There are several post-consolidation treatments available; thermal treatments, cold/hot 

rolling, hot cross rolling, forging, extrusion, etc. All these thermomechanical treatments are 

effective in inducing changes in the microstructure of the material (recovery of defects, 

grain growth, changes in size and distribution of particles, phase transformations, etc.) thus 

improving the mechanical properties of the final product.  
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1.4. Radiation damage 

During fusion, the incoming high-energy neutrons will collide with the lattice atoms from 

the materials constituting the walls. As a result, these lattice atoms, called primary knock-

on atoms or PKA, will be ejected from their lattice sites and will additionally knock-on other 

atoms, creating displacement cascades. Every time an atom is ejected from the lattice it 

becomes a self-interstitial atom (SIA) while a vacancy is “born” in its former place. The 

majority of these defects will be eliminated by simply mutually recombining, and residuals 

will either remain as point defects (mono-vacancies and SIA) or will cluster. Vacancies or 

interstitials can agglomerate into 2D defects called loops or 3D defects that can be voids 

(3D cluster of vacancies) or precipitates (3D cluster of interstitials). Surviving defects can 

also diffuse and/or interact with other defects present, giving rise to further evolution of 

the microstructure. These microstructural changes can cause significant alterations in the 

mechanical properties of the material.  

 

Microstructural evolution 

Enrichment or depletion of alloying elements mainly occurs at defect sinks such as grain 

boundaries and dislocations. Irradiation induced defects tend to diffuse and recombine at 

those sinks. This leads to concentration gradient and creates a flux of point defects towards 

sinks. There can exist a preferential interaction between solute atoms and point defects, 

and as the motion of solute atoms is coupled with the motion of defects, the recombination 

of the defects at the sinks can cause depletion or build-up of alloying elements [63,64]. This 

can lead to changes in the local environment of the material and can result in serious 

degradation of the affected component inside the nuclear reactor. 

The aforementioned enrichment or depletion of solute atoms at defect sinks can lead to 

irradiation induced homogeneous precipitation (nucleation), if the solute concentration is 

above solubility limit, or dissolution if it is below. Homogeneous nucleation describes 

formation of nanoparticles uniformly throughout the matrix when there exists solute 

supersaturation due to the irradiation [63,65,66].  

Under irradiation, previously existing particles can be fully or partially ballistically dissolved 

by two different mechanisms – recoil and disordering dissolution. Recoil dissolution is 

ejecting knock-on, interfacial atoms away from the nanoparticle, thus reducing its size. 

Disordering dissolution happens when the irradiation destroys crystalline arrangement of 

the atoms in the precipitate. Under the conditions for diffusion to happen, the inside of the 

precipitate will re-order, while the region near the precipitate-matrix interface will lose 

atoms, subsequently resulting in size reduction [67]. At lower temperatures ballistically 

ejected atoms remain in solution, unclustered, in the matrix [68]. After room temperature 

and 300°C heavy ion irradiations of three different ODS materials, Rogozhkin et al. observed 

the decrease of the size and increase in the number density of nanoclusters which points to 
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either dissolution of larger oxide clusters into smaller ones or irradiation induced nucleation 

of new clusters [69].  

Ostwald ripening is a mechanism that provides explanation of growth of larger 

nanoparticles at the expense of smaller ones. Due to the higher interfacial solubility of the 

small, incoherent, nanoparticles, atoms are ejected until their complete dissolution, after 

which they diffuse and re-deposit onto a larger nanoparticle [70]. For an ODS 14YWT this 

was noted for heavy ion irradiation at temperatures 600°C [68]. In this work Certain et al. 

measured particles with radiuses mostly under 1.5 nm with Atom Probe Tomography 

technique (described in Chapter 2) and noted a decrease in size post Ni2+ irradiation. On the 

other hand, using Transmission Electron Microscopy they observed the increase in sizes of 

larger particles on the expense of ones with radii 1 nm.   

Neutron irradiation can also induce transmutation reactions which can change the chemical 

composition of the material and form gas bubbles that can seriously affect its performance. 

The concentration of He in irradiated materials can reach thousands of ppm (part per 

million) [71]. As it is virtually insoluble in metals, He diffuses in the matrix and forms 

bubbles, typically at various microstructural trapping sites.  

Irradiation induced vacancies that do not recombine with self-interstitial atoms tend to 

agglomerate into 3D defects usually called voids, if their sizes are < 100 nm, or cavities, for 

sizes > 100 nm. Precipitates/matrix sites are preferential nucleation site of voids. Radiation 

induced void swelling enhancement generally happens for materials containing smaller 

densities of coarse precipitates, while it tends to be suppressed for materials with higher 

density of homogeneously dispersed small precipitates [72].  

These open-volume defects attract transmutation produced He and H, forming gas bubbles. 

The effect of He on void swelling in ferritic/martensitic steels is not well understood. It 

appears that He can affect void swelling by either suppressing it or leading to it. Suppression 

of void swelling happens when small He bubbles act as defect sinks for vacancies and 

interstitials and can self-heal excess vacancy and self-interstitial displacement damage 

defects [44,73]. When the He content is lower, the bubbles are stable cavities and grow only 

with the addition of He. However, He can promote void swelling when the bubbles reach a 

critical radius and He content [37,42,71].  

As the interface between the matrix and a particle acts like a trapping site for point defects 

and He, fine, nanometre-scale oxides help to distribute He in very small bubbles while larger 

oxides individually trap larger bubbles, containing more He, and actually promote swelling 

by forming bubbles that become growing voids [44,74]. Lu et al. confirmed that high density 

of nano-oxide particles suppresses bubble formation in He-implanted 14Cr-ODS steels [75].  

Under irradiation, ferritic-martensitic steels have a superior swelling resistance compared 

to austenitic steels, due to higher mobility of vacancies in bcc structured materials, which 
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favours recombination. The steady-state swelling rate is 0.2 %/dpa for ferritic-martensitic 

steels compared to 1 %/dpa in the case of austenitic steels [21,76,77]. 

Besides microstructure, swelling also depends on irradiation temperature, dose and dose 

rate. Voids usually form in the range 0.3 – 0.5Tm, at temperatures that are high enough for 

vacancies to diffuse in the solid, but not so high that point defects migrate to sinks or 

recombine at such rate that the supersaturation is not maintained [78].  

He also plays a role in high temperature embrittlement, due to He accumulation at grain 

boundaries.  There is a critical amount of He accumulated at grain boundaries that can cause 

material embrittlement. In a fusion environment this effect becomes relevant for doses 

> 10 dpa and temperatures above 0.5Tm [24]. He embrittlement effects were observed after 

600 appm of He-implantation at temperatures below 429 K in ferritic-martensitic steels, 

while ODS steels started showing susceptibility to  embrittlement after 1000 appm He [48].  

 

Evolution of mechanical properties 

All steels tend to respond similarly to the radiation: radiation usually hardens the steel, 

which causes the increase of strength and embrittles the material thus lowering the fracture 

toughness.  

At irradiation temperatures lower than 0.3Tm hardening and embrittlement are due to 

defect accumulation, such as dislocation loops, segregation of impurities at those loops and 

precipitation of new particles, impeding dislocation motion. Hardening will saturate as the 

density of defects increases which also increases the point defect recombination. 

Irradiation-induced hardening could be lowered by increasing the number of defect sinks 

such as precipitates, grain boundaries, etc.  

At irradiation temperatures higher than 0.5Tm enhanced diffusion leads to defect 

recombination, so embrittlement is primarily due to growth of cavities containing 

transmutation gasses at grain boundaries. This can be reduced by introducing nanoparticles 

which act as nucleation sites for gas bubbles and prevent gas atoms from migrating to grain 

boundaries. 

Another irradiation-induced effect on mechanical properties is to induce and enhance 

creep. Irradiation creep can be reduced by dispersion of particles throughout the matrix, 

which act as obstacles for motion of dislocations. These particles should be stable at high 

temperatures (for example Y2O3 particles that are often used in the production of ODS 

alloys).  
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Ion irradiation 

As one of the main features of neutron irradiation, radiation damage comes from PKA 

induced damage (cascades) and it can be simulated by using heavy ion irradiation. Self-ion 

irradiation is often employed in order to obtain a high amount of displacement damage 

without introducing impurities into the sample. Benefits of using ion irradiation are that 

experiments are very controlled with well-defined temperature, energy and dose while high 

residual radioactivity is being avoided [79]. In addition to this, neutron irradiations can be 

very costly, not easily accessible and the rate of damage induced, (usually 3 - 5 dpa per year) 

is too low to test the materials for next generation reactors that are expected to sustain 

400-600 dpa, equivalent to more than 80 years of service [78]. 

The disadvantages of heavy ion irradiations are shallow damage depths (up to a micron), 

nonuniform damage production and in case of non-self-ion irradiation, the deposition of 

foreign ions. Also, there is no possibility to measure bulk properties of the material, as the 

damage is only confined to the near-surface region, which makes mechanical 

characterization nearly impossible. Light ion irradiation such as He, proton or electron, with 

only few MeV provide flatter damage profiles which extend deeper into the sample (up to 

few tens of microns), the main drawback being a low amount of induced damage (few dpa) 

[80]. In-situ radiation experiments with High Voltage Electron Microscopy are able to 

observe microstructure evolution in real time and achieve very high dose rates [81]. 

The effects of He and H transmutation gasses on the irradiated material can be investigated 

employing either single He irradiations or multibeam ion irradiations – dual (heavy ion + He) 

or triple (heavy ion + He + H).  He implantation and multibeam ion irradiations help to inform 

and calibrate models and to understand key processes behind radiation damage [71].  

To be able to compare the damage effect of different particles used for material irradiation 

(neutrons, heavy and light ions or electrons) the displacement damage produced by them 

is often  described with the NRT model, proposed by  Norgett,  Torrens  and  Robinson   

[82,83]. The most widely used unit to measure radiation damage is called displacement-

per-atom (dpa), and it represents the average number of times that an individual atom is 

stably displaced from its lattice site due to the incoming irradiation particle. A dose of 1 dpa 

corresponds to a 14 MeV neutron wall loading of less than one month of full power 

operation in a planned fusion power plant [20]. 
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1.5. Motivation and objectives   

  

ODS RAF steels are being considered as candidate materials for structural applications in 

future DEMO fusion reactors. They will have to sustain high neutron doses, operating 

temperatures up to 700 °C, and large amounts of He and H produced by transmutation 

reactions. The fine, homogeneous, dispersion of thermally stable nanoparticles present in 

these steels would improve their mechanical performance by raising operating 

temperatures while also enhancing creep strength by impeding dislocation motion. 

Moreover, they could also improve radiation damage resistance. However, more 

investigations are needed to clarify the effect of irradiation on these materials. 

The main objective of this work is to investigate the microstructural stability of different 

ODS RAFS with nominal composition Fe–14Cr–(2W–(0.3-0.4)Ti)–0.3Y2O3 (wt%) and model 

Fe-14Cr (wt%) alloys subjected to ion irradiation to simulate the effect of a fusion 

environment. For this purpose, single (Fe+ and He+), sequential dual (Fe+, He+), simultaneous 

dual (Fe3+, He+) and simultaneous triple (Fe5+, He+, H+) ion irradiations have been carried out 

at different doses and temperatures.  

The effects induced by the irradiations have been characterized by Transmission electron 

microscopy (TEM), Atom Probe Tomography (APT), Positron Annihilation Spectroscopy 

(PAS) and nanoindentation. The stability of nanoparticles has been investigated in the case 

of the ODS alloys, and the irradiation induced damage has been characterized in all 

materials, mainly focusing in open volume defects and irradiation induced bubbles.  
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This chapter consists of four sections. The first discusses the materials that have been 

characterized as a part of this work while the second and the third section give a brief overview 

of the ion irradiation facilities and experimental techniques utilized in this investigation. The 

fourh section presents the bibliography used in the chapter.  

2.1. Materials 

 

2.1.1. Model Fe14Cr alloys 

 

Fe-Cr model alloys are often utilized to simulate the behaviour of actual ferritic-martensitic and 

ferritic steels in order to obtain information on irradiation induced effects on their 

microstructures and mechanical properties, which can then be used to find appropriate 

parameters for expensive neutron irradiation experiments on the steels of interest and to 

further develop multi-scale modelling in the field [1]. Two model ferritic alloys with nominal 

composition Fe-14wt%Cr have been investigated in this work. A Fe14Cr commercial steel, 

produced by Goodfellow, was vacuum melted, cast and rolled with annealing taking place during 

the processing. It was delivered as a sheet of dimensions 50 mm x 100 mm x 1 mm. This sample 

will further be referred to as M1. The other model Fe14Cr alloy used, produced by 

EFDA/EURATOM, was induction melted, hot forged at 1150 °C and subsequently cold forged to 

a thickness reduction of 70 %. The alloy was finally heat treated at 850 °C for 1h under Ar 

atmosphere, followed by air cooling. It was delivered in the form of a bar with 10.9 mm Ø and 

length 250 mm [2]. This material will be referred to as M2.  

 

2.1.2. ODS Fe14Cr steels 

Four ferritic ODS steels have been investigated in this thesis. Table 1 shows details regarding 

their nominal composition and production process. The microstructure of these materials 

before irradiation were characterized prior to this thesis. This characterization has been checked 

and completed as part of this thesis. The results are presented in chapter 3. 

A model ODS alloy (referred to as ODSM) with nominal composition Fe-14Cr-0.3Y2O3 (wt%) was 

produced by mechanical alloying of elemental Fe and Cr powders with Y2O3 powders in a 

planetary ball mill under H2 atmosphere and consolidated by hot isostatic pressing (HIP) at 

1100 °C and 200 MPa, after which it was forged at 1100 °C and subsequently heat treated at 

850 °C for 2 h. An ODS steel with nominal composition Fe-14Cr-2W-0.3Ti-0.3Y2O3 (wt%), named 

as ODS1, was produced following the same procedure starting from elemental Fe, Cr, W and Ti 

powders and Y2O3 powders (see Table 1). Their detailed fabrication process can be found in [3].  

Another ODS steel with nominal composition Fe-14Cr-2W-0.4Ti-0.3Y2O3 (wt%) was consolidated 

from atomized pre-alloyed Fe-14Cr-2W-0.4Ti (wt%) and 0.3 wt% Y2O3 powders. The steel was 

mechanically milled in a planetary ball mill, HIP-ed at 1100 °C for 2 h at 175 MPa, subsequently 

hot cross-rolled at 1200 °C with 65 % thickness reduction and finally heat treated for 2 h at 

1000 °C. This material will be referred to as ODS2. 

The fourth ODS steel, with nominal composition Fe-14Cr-2W-0.3Ti-0.3Y2O3 (wt%), was obtained 

using atomized pre-alloyed Fe-14%Cr-2%W-0.3%Ti (wt%) powders milled in an attritor mill with 

0.55 wt% Fe2Y intermetallic compound as precursor for the Y rich nanoparticles. The milled ODS 
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powder was consolidated by HIP for 2 h at 1100 °C and 175 MPa. The batch was then hot cross-

rolled for 1 h at 900°C in 12 passes with 68 % thickness reduction. A final heat treatment was 

performed for 2 h at 800°C [4]. This steel will be referred to as ODS3. 

Table 1. Composition and processing routes of the ODS steels investigated in this work. 

Name 
Nominal 

Composition 
(wt%) 

Mechanical 
alloying 

Processing 
Heat 

treatment 
 

ODSM Fe-14Cr-0.3Y2O3 

Planetary 
ball mill 
300rpm 
48-60 h 

HIP 2 h, 1100 °C, 
200 MPa 

Forging 1100 °C 
850 °C, 2 h [3] 

ODS1 
Fe-14Cr-2W-
0.3Ti-0.3Y2O3 

Planetary 
ball mill 
300rpm 
48-60 h 

HIP 2 h, 1100 °C, 
200 MPa 

Forging 1150 °C 
850 °C, 2 h [3] 

ODS2 
Fe-14Cr-2W-
0.4Ti-0.3Y2O3 

Planetary 
ball mill 
300 rpm 

27 h 

HIP 2 h, 1100 °C, 
175 MPa 

HCR 1200 °C, 18–20 
passes,65–70 % 

reduction 

1000 °C, 2 h [5] 

ODS3 
Fe-14Cr-2W-
0.3Ti-0.3Y2O3 

Attritor mill 
750 rpm 

48 h 
 

HIP 2 h, 1100 °C, 
175 MPa 

HCR 900 °C, 12 passes, 
66 % reduction 

 

800 °C, 2 h [4] 

 

2.2. Ion irradiations and facilities 

Due to the lack of easily accessible neutron irradiation facilities, a good alternative for materials 

to simulate a fusion environment is to be irradiated with heavy ions. As previously stated in 

Chapter 1, ion irradiations are often used as an alternative for simulation of damage in fusion 

reactors  [6]. 

In this work several types of irradiation conditions – i.e. ions, temperatures and fluencies, were 

used. This section will give an overview of irradiation conditions and facilities at which 

experiments were carried out.  

For these experiments, the collisional damage was simulated using the program SRIM (stopping 

and range of ions into matter) which uses a statistical algorithm to simulate the collisions 

between incoming ions and a target [7]. The “full damage cascade” option was used, where the 

program follows every recoiling atom until its energy is below the target atom displacement 

energy and all collisional damage induced in the target is analysed [8]. The target material was 

chosen to be Fe-14wt%Cr. Displacement energies for Fe and Cr were set to 40 eV, according to 

the ASTM standard E 521–96. The outputs that were considered for this thesis were range.txt 

and vacancy.txt files which contain the information about ion concentration distribution and 

vacancy distribution, respectively. 
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Prior to irradiations, samples were cut into approximately 7 x 7 x 0.5 mm3 pieces or 3 mm Ø with 

thickness 60-80 µm. They were then mechanically polished with SiC papers ranging from P180 

(corresponding to 75 µm median grit diameter) to P4000 (corresponding to 2.5 µm median grit 

diameter). A finishing mirror polishing was done using 40 nm alumina slurry.   

 

After polishing all samples, except one, were thermally treated at 800°C for 2h in order to 

remove any possible defects introduced by the polishing method. Heat treatments were carried 

out in vacuum (pressure being in the range of 10-5 Torr) using a Hobersal programmer regulator 

furnace. Samples were afterwards furnace-cooled in vacuum to avoid surface oxidation. 

Irradiations at CMAM 

The Centre for Micro Analysis of Materials (CMAM) is a research facility in Madrid, Spain [9]. 

CMAM is equipped with a 5 MV terminal voltage tandem accelerator. One of its beamline 

facilities, the Standard Multipurpose Line, was used in this work. For these irradiations, the 

specimens were mounted on a holder using copper tape (Figure 1), along with 3 pieces of silica. 

As Si emits visible light when bombarded with ions, it was used to locate the beam more easily.  

Room temperature single Fe+ irradiations were performed in this facility. The ion energy was 

1 MeV for all irradiations. The beam was set to 1 cm diameter and its ion current was kept 

50 nA while final fluences were in the order of 1015 ions/cm2 (5.6 and 8.2 x 1015 ions/cm2 for 

15 and 22 dpa damages, respectively). More details can be found in Table 3. 

 
Figure 1. Standard line holder with samples and additional pieces of silica used in CMAM. 

 
 

Irradiations at CIEMAT 

The National Fusion Laboratory, part of CIEMAT (Centro de Investigaciones Energéticas, 

Medioambientales y Tecnológicas) centre in Madrid, Spain, hosts a Danfysik ion implanter used 

to study materials related to fusion research. The maximum energy of the He beam is 50 keV 

and irradiations can be performed up to 1000 °C [10]. The error of the temperature is estimated 

to be 2 % of the temperature measured. The ion current can be set up to 150 μA, depending on 

the type of ions used (1 μA for He+), while the surface covered by the beam is approximately 1 

cm2. Samples are mounted directly onto the holder, supported by tungsten wires, as shown in 

Figure 2. A sheet of mica, acting as an electrical insulator, is placed between the sample and the 

holder.  



32 
 

Room temperature and intermediate (400 and 450°C) temperature He+ irradiations were 

performed in this facility. The ion beam current was kept around 1 μA. Depending on the 

irradiation conditions, the ion energy was either 45 keV or 50 keV and the fluence 6 or 

10 x 1015 ions/cm2. More details can be found in Table 3. 

 
Figure 2. a) Danfysik ion implanter, CIEMAT and b) Sample mounted on the holder used in 
CIEMAT. 

 
Irradiations at JANNuS 

Located in Saclay, France, JANNuS (Joint Accelerators for Nano-science and Nuclear Simulation) 

is a triple ion beam facility housing three accelerators - a 3 MV Pelletron accelerator 

(ÉPIMÉTHÉE), a 2.5 MV single ended Van de Graaff accelerator (now PANDORE, previously 

YVETTE), and a 2 MV tandem accelerator (JAPET). When using more than one line 

simultaneously, ions arrive at the sample under a 15° angle (Figure 3).  Samples can be irradiated 

at temperatures ranging from liquid nitrogen to 800 °C [11]. The estimated temperature error is 

1 °C.  

 

Figure 3. An image of the setup for the simultaneous dual irradiation showing two beam 
degrader wheels. Arrows are marking the place where the ion beams are coming from.  

 

The sample holders used for these irradiations are shown in Figure 4. In this work, two dual 

irradiations (ÉPIMÉTHÉE+PANDORE) and a triple beam irradiation were carried out at this 

facility. The dual beam irradiations were performed using a beam degrader in an attempt to 
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homogenize the implantation damage in the entire ion range. For this purpose, a rotating wheel 

with six different Al foil thicknesses was used as shown in Figure 3. The foil thicknesses were 

chosen from SRIM simulations of the ion energies after passing through the foil, see Table 2. 

 

 
Figure 4. a) Square-shaped sample holder b) disc-shaped sample holder used in JANNuS. 

 
 

Two equivalent simultaneous dual irradiations were carried out, one using squared samples and 

the other using 3 mm Ø discs for TEM characterization (Figure 4).  These irradiations took place 

at 400 °C using 3.6 MeV Fe3+ and 800 keV He+. Other squared samples were simultaneously triple 

ion irradiated at 600 °C using 14 MeV Fe5+, 1.6 MeV He+ and 500 keV H+. More details can be 

found in Table 3. 

Table 2. Beam degrader aluminium foil thicknesses and simulated average outcoming energies 
of ions after passing through the foils. 

Fe3+ He+ 

Al 
thickness 

(μm) 

Outcoming 
energy 
(MeV) 

Al 
thickness 

(μm) 

Outcoming 
energy 
(keV) 

2 0.4 2.4 21 

1.2 1.4 2 97 

0.8 1.9 1.6 212 

0.8 1.9 1.2 354 

0 3.6 0.8 502 

0 3.6 0 800 

 

  



34 
 

Table 3. A complete list of the irradiations performed as a part of this work. 

Short Name Ions 
Energy 
(MeV) 

T(°C) 
Fluences 

(ions/cm2) 
Facility 

Fe-80 Fe+ 1MeV -80 6.5 x 1015 CMAM 

FeRT Fe+ 1MeV RT 6.5 x 1015 CMAM 

FeRT Fe+ 1MeV RT 8.2 x 1015 CMAM 

HeRT He+ 50keV RT 1016 CIEMAT 

He400 He+ 50keV 400 6 x 1015 CIEMAT 

He450 He+ 50keV 450 1016 CIEMAT 

SEQFe/He Fe+/ He+ 
1Mev 
45keV 

RT 
8.2 x 1015 

1016 
CMAM/CIEMAT 

SEQHe/Fe He+/Fe+ 
50keV 
1MeV 

RT 
1016 

6.5 x 1015 
CIEMAT/CMAM 

SIMFe/He Fe3+ He+ 
3.6 MeV(Fe) 
800 keV(He) 

400 
2.4 x 1016  

6.4 x 1015 
JANNUS 

SIMFeHeH 
Fe5+ He+ 

H+ 

14 MeV (Fe) 
1.6MeV(He) 
500keV(H) 

600 
1.49 × 1016  
1.4 × 1015  

3.55 × 1015  
JANNUS 

 

2.3. Characterization techniques 

 

2.3.1. Scanning electron microscopy 

Scanning electron microscope (SEM) was used  to characterize the unirradiated M1 and M2 

model alloys. The analysis was done in a Teneo FE-SEM (field emission SEM) equipped with an 

EDS (Energy dispersive X ray spectroscopy) detector located at University Carlos III de Madrid. 

The SEM was used to investigate the size and the morphology of grains and the possible 

existence of precipitates in the model alloysprior to irradiation.  

2.3.2. Transmission electron microscopy  

Transmission electron microscopy (TEM) is a widely used technique to characterize irradiation 

induced changes in the microstructure (Figure 5). Moreover, the analysis of the small 

nanoparticles and irradiation-induced defects present in ODS steels requires the use of the 

advanced TEM analytical techniques which have been used in this thesis, such as energy filtered 

transmission electron microscopy (EFTEM) and scanning transmission electron microscopy 

(STEM) in combination with EDS or electron energy loss spectroscopy (EELS). Furthermore, these 

techniques are especially relevant to study the irradiated steels as the diffraction contrast shown 

by, for example, small irradiation-induced loops (that in bright field mode could be confused 

with nanoparticles) is minimised. Moreover, in STEM mode, the use of a high angle annular dark 

field (HAADF) detector, which is sensitive to the average atomic number, also gives analytical 

information. HAADF is used in STEM mode mostly to minimize diffraction contrast. The signal 

intensity is given by  

 (3)
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where ρ is the density, t is thickness and Z is the atomic number of the element. In this work, 

EFTEM and HAADF-STEM-EDS/EELS were used to analyse the microstructure of the materials 

under study. These techniques use different approaches to retrieve similar information. In 

EFTEM (or image spectroscopy), energy filtered images are acquired over an energy loss range 

of interest using a parallel electron beam while in STEM-EDS or STEM-EELS (spectrum imaging), 

EDS or EELS spectra are recorded over an area while the beam is scanning (Figure 6). 

  

 
Figure 5. Signals coming from the interaction between the electron beam and the sample in 

the TEM. 

 

 

 

 
Figure 6. a) Spectrum imaging in STEM mode (EELS, EDS) and b) image spectroscopy in TEM 

mode (EFTEM). 

 

The thicknesses of the regions analysed by TEM were obtained from EELS or EFTEM maps and 

calculated by using the log-ratio method 

 
 (1)

 

where λ is the inelastic mean path of the electrons estimated  from equation by Malis [12], I is 

the total intensity of the spectra (or the unfiltered image in the case of EFTEM) and IZLP is the 

intensity of the zero loss peak (or the elastic image in the case of EFTEM) [13]. In EELS analysis 

the thickness should be less than the inelastic mean free path to avoid multiple scatterings [14] 
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and the inelastic mean free path can be calculated by using [12]. 

 

 
    

        


 (2) 

 

where β is the collection angle, Eo (in keV) the beam energy and Em (in eV) an average energy 

loss obtained from Em ~ 7.5·Zef 0.36 with Zef being the effective atomic number. 

The analysed volumes can be calculated from knowing the areas and thicknesses of the 

investigated regions. The volume value is needed to calculate, among others, the number 

density of features of interest (particles, bubbles, loops, etc). In this thesis number densities of 

nanoparticles and bubbles were obtained. Bubbles number densities and sizes were measured 

from through-focal series. BF-TEM images were under-focused or over-focused by 500 nm in all 

samples except ones irradiated by simultaneous triple beam for which 1 μm was used. In the 

under-focused images bubbles appear with light contrast while in the over-focused they appear 

with dark contrast. 

  

Microscopy imaging was performed at the Department of Materials of the University of Oxford 

(UK) and at the Centro Nacional de Microscopía Electronica (CNME) in Madrid on the following 

instruments:  

 JEOL JEM-2200MCO FEGTEM. This is a field emission gun TEM/STEM that operates in 

200 kV. It is double aberration corrected and monochromated. The limit resolution for 

TEM is 0.12 nm while for STEM is 0.1 nm [15].  

 JEOL ARM-200F. It is a cold field emission source (CFEG) Cs probe corrected 200 kV TEM 

(STEM)  with a 100 mm2 Centurion EDS detector and Gatan Image Filter (GIF) Quantum 

965 ER featuring Dual EELS and EFTEM capabilities [16]. 

  JEOL JEM-3000F FEGTEM. This is a field emission gun TEM that operates between 100 

and 300 kV. Its limit resolution is 0.16 nm and it has the ability to perform chemical 

microanalysis from sub-nanometre areas (below 0.4 nm in some cases) [17].  

 

Samples for TEM were prepared in different ways. The non-irradiated samples were prepared 

using a standard electropolishing technique at the Department of Physics of the University 

Carlos III. A TENUPOL 5 twin jet polisher was employed using a solution of 5 % perchloric acid in 

methanol. The temperature was kept around -40 °C. After electropolishing, the samples were 

cleaned with methanol, ethanol, acetone and isopropanol, in which they were subsequently 

stored. 

The irradiated samples were prepared by dual focussed ion beam – scanning electron 

microscopy (FIB/SEM) in either a Zeiss Auriga FIB/SEM or a Zeiss NVision 40 FIB/SEM instrument. 

The method used was the in-situ lift-out method [18].  A layer of Pt (length = 25 μm, width = 

2 μm, thickness < 1 μm) deposited on the surface of the sample acted to protect the sample 

during the milling process. A Ga2+ ion beam operating at 30 kV and a combination of currents 

ranging from 16 nA to 600 pA were used to mill trenches on three sides of the Pt layer and 

underneath, obtaining a cantilever with 25 μm length, 2 μm width and 15 μm depth. An example 
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of a FIB-ed cantilever is shown in Figure 7. The micromanipulator was then lowered to the 

cantilever, attached to it by depositing Pt, after which the only remaining part of cantilever that 

was attached to the sample, was cut with the Ga beam. The freed cantilever was then 

transported by the micromanipulator and attached to a commercial Omniprobe Cu post lift-out 

TEM grid. The electron transparency of the sample, needed for the good quality TEM imaging, 

was attained with subsequent thinning of the sample by using the Ga2+ ion beam at 30 kV and 

different currents, decreasing from 1 nA to 240 pA.  A final, low-energy cleaning process (2 kV 

and 200 pA in the Ga2+ ion beam) was performed to minimize surface damage induced by the 

FIB sample preparation. 

 

 
Figure 7. SEM image of a FIB-ed cantilever. 

 

 

2.3.3. Positron annihilation spectroscopy  

 

Positron Annihilation Spectroscopy is a highly sensitive, non-destructive method of material 

characterization that allows the investigation of vacancy-type defects as small as 

monovacancies. In this technique, positrons are injected into a material, and the characteristics 

of the annihilation with an electron of the solid are determined. The positron, after diffusing in 

the material, can either annihilate with electrons of the lattice, or it can interact with open-

volume defects (vacancies, voids, bubbles…) and become trapped into a localized state. When 

the positron finally annihilates with an electron it results in the creation of two gamma rays 

whose shift in the anti-collinearity will carry the information on the annihilation site and its 

surroundings.   

 

In the case of bulk investigations of the material, an unmoderated radioactive source is 

employed, while for thin, surface, layer investigations, variable energy positron beams are used. 

As the ion irradiation will create a damage layer less than 1 μm under the surface, in this work 

moderated positron beams with energies in the range 0-40 eV were utilised. When positrons 

are emitted from the source, they are slowed down by a moderator, usually a metal foil, after 

which they are accelerated to the desired implantation energy by magnetic and electric fields.  

 

The implantation profile of monoenergetic positrons can be approximated by [19–21] 
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 (4)

 

Where z is the distance away from the surface,    , ρ is material energy, E is the positron 

implantation energy in keV and α = 4.5 μg/cm2, n ≈ 1.6 and m ≈ 2 are commonly used parameters 

that contain theoretical and experimental uncertainties [21,22]. Due to positron diffusive 

motion, the implantation profile gets broader for higher energy positrons, hence decreasing the 

depth resolution. 

 

Upon entering the material, positrons undergo thermalization by either exciting core electrons 

of the atoms they collide with (higher energy positrons) or by electron-hole excitations (lower 

energy positrons). During this process their initial energy drops below 0.1 eV [23]. The time 

needed for the positron to be thermalized at room temperature is about a hundred times lower 

than its average lifetime, being in the range of a few picoseconds [19,24].    

 

The positrons then diffuse in the material until either annihilates in its free (delocalized) state or 

becomes trapped by a defect and subsequently annihilated. This is characterized by the positron 

diffusion length L+, that depends on the defects present in the matrix as [25]:  

 

      (5)
 

where D+ is the diffusion coefficient of positrons, λ is the annihilation rate (the inverse of 

positron lifetime in the lattice) and κd is the trapping rate of positrons in defects. The trapping 

rate in defects depends on the defect concentration and the specific trapping coefficient [26]. In 

metals, positrons can be trapped in shallow (i.e. dislocation) or deep (i.e. open volume) trapping 

sites. A shallow trap has a low binding energy, while deep traps have high binding energy. 

 

There are several techniques available based on the principle of annihilation of positrons, being 

lifetime and Doppler Broadening measurements the most common ones. In this work, Doppler 

Broadening (DB) and Coincident Doppler Broadening (CDB) spectroscopies have been used to 

investigate irradiation induced vacancies, voids and bubbles.  

 

As previously mentioned, annihilation of a positron with an electron results in the emission of 

two gamma photons of equal energies in opposite directions. The energy of each photon is 

exactly m0c2 = 511 keV, measured in the centre of mass coordinate system [27].  

 

In a laboratory coordinate system, there will be a slight shift in the collinearity and energies of 

gamma photons as shown in Figure 10. The shift depends on the momentum of the electron 

(related to its binding energy), since the positron quickly becomes thermalized as it enters the 

material and its momentum becomes negligible. Energies of photons can be written as 

Eγ = 511 keV ± ΔE. The energy shift ΔE is related to the longitudinal component of the 

momentum of the electron-positron pair as  

    (6)
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Where pL is the longitudinal component of the momentum and c is the speed of light.  

 

 
Figure 8. Diagram showing the total linear momentum of the positron-electron pair, pe, where 

pII is its parallel component, pꞱ normal and E1 and E2 energies of the resulting γ rays.  

 

Doppler broadening spectroscopy gives information of the electron momentum distribution in 

a relatively short acquisition time (depending on the intensity of the positron source). It detects 

only one gamma photon, using a high-resolution Ge detector cooled down to liquid nitrogen 

temperatures. The obtained spectrum of the annihilation peak is usually characterized by S 

(shape) and W (wing) parameters (see Figure 9). The S-parameter is calculated as the ratio 

between the area of the central portion of the peak As and the total area of the peak Atotal and 

quantifies the portion of positrons that have annihilated with lower momentum electrons. If the 

material contains open volume defects, they will trap incoming positrons that will subsequently 

annihilate with the low-momentum valence electrons, thus having a smaller deviation from the 

511 keV photopeak. This will result in the narrower distribution of the DB spectrum, as seen in 

Figure 9. The W-parameter is the ratio of the high-energy portion of the peak (AW1+AW2) and the 

total peak. It corresponds to the portion of positrons that have annihilated with the core 

electrons, which have higher linear momenta and hence the deviation from the 511 keV energy 

peak is larger. DB spectra are shown as a function of the energy of incoming positrons and 

usually consist of 106 counts.  

 

Figure 9. Definition of S and W parameters for the 511 keV two-photon annihilation (Image 

obtained from [28]). 
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It is interesting to look at the S/W diagram as the relation between these two quantities depends 

of the nature of the open volume defect. This can be interpreted as following: if the S-W ratio 

for different samples falls on the same line, the nature of vacancies/vacancy clusters would 

remain the same, being the only difference their concentration [24]. 

 

In order to remove the extensive background noise produced mostly by Compton scattering, 

and thus have a better resolution of the annihilation with high momentum core electrons, 

Coincident Doppler Broadening spectroscopy (CDB) uses two high purity Ge detectors in 

coincidence. CDB detects both annihilation gamma photons with a lower count rate and requires 

an order of 10 – 50 x 106 counts, which significantly raises the acquisition time [19]. For a 

localized measurement in the region of special interest, the spectrum is recorded at a certain 

positron energy. CDB spectra are usually normalized and presented as the ratio to pure material 

with respect to the longitudinal component of the electron momentum. They can provide 

chemical information on the atoms surrounding the annihilation site [29].  

 

Slow PAS experiments in this thesis were performed in two facilities and the details of those 

experiments are presented below.  

 

 

SPONSOR – Slow-Positron System in Rossendorf 

 

The Helmholtz Zentrum Dresden Rossendorf (HZDR) research centre houses the radiation source 

ELBE (Electron Linac for beams with high Brilliance and low Emittance) with five different setups 

available [30]. In this work source-based positron spectroscopy was utilized, with the source 

being Na22, that spontaneously β decays resulting in positron emission. These generated 

positrons are then used for performing Doppler Broadening measurements on the Slow Positron 

System of Rossendorf (SPONSOR). A fraction of the mono-energetic positrons coming from the 
22Na source decay, are slowed down, i.e. high energy positrons are converted into slow positrons 

with energies in the order of eV, using a moderator. In SPONSOR, the incoming high energy 

positrons penetrate a 5 μm thick Ti window and enter the tungsten moderator foil [31]. The 

efficiency of these moderators is defined as the number of moderated positrons divided by the 

number of positrons entering the moderator, and is about 10-4 [31]. These moderated positrons 

are then separated from the fast ones via the bent tube and accelerated towards the sample 

with energies ranging from 30 eV to 36 keV [28]. The beam diameter is 4mm while the 

annihilation energy resolution is (1.09 + 0.01) keV at 511 keV [28]. In this work the DBS 

measurements had 5 x 105 counts. The S-parameter was calculated with As being set to 1.86 keV 

around the 511 keV peak. For calculation of the wing parameter W, AW1 was in the range 

508.2-508.9 keV and AW2 in the range 513.1-513.8 keV. Coincidence DBS has an energy 

resolution of about 800 eV with 108 counts accumulated for a CDB spectrum. The scheme of the 

setup can be seen in Figure 10.  
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Figure 10. Schematics of the SPONSOR setup, adapted from [30]. 

 

 

NEPOMUC-Neutron Induced Positron Source Munich 

  

NEPOMUC is a neutron induced positron source at Forschungszentrum München II (FRMII) [32]. 

Positrons are produced when an enriched Cd113 source captures neutrons, producing gamma 

radiation. These gamma rays then interact with Pt foils and are converted into positron-electron 

pairs [33]. The moderated positrons are subsequently extracted by applying the positive voltage. 

A combination of electric and magnetic fields forms the beam and accelerates it. Implanted 

positrons have energies up to 30 keV. In DB measurements, four Ge detectors are employed 

with the count rate of about 2500 s-1, yielding about 1 million counts per spectrum. The central 

window As used for the S-parameter calculation was 1.632 keV, while the W-parameter was 

obtained from the higher momentum region (due to the lower noise) and chosen to range from 

514.26 to 515.9 keV. CDB spectra are recorded using 2 Ge detectors in coincidence with the 

sample holder placed between them. The count rate of this measurements is about 300 s-1 

yielding about 106 counts per spectrum.  The positron beam facility is shown in Figure 11. 

 

 
Figure 11. Positron beam facility and instrumentation at NEPOMUC (Image obtained from 

[32]). 
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2.3.4. Atom probe tomography 

 

Atom probe tomography is a field emission technique that relies on the field evaporation of 

atoms from the surface of a needle shaped sample [34]. By applying a high voltage pulse or a 

laser pulse to the apex of the sample surface atoms will ionize and field evaporate towards a 

position-sensitive detector (Figure 12). The detector records the position of the ions and the 

time-of-flight data. Time-of-flight is dependent on the mass-to-charge ratio of the ion, from 

which the ion can be identified.  

 

 

 

Figure 12. Scheme of the Local Electron Atom Probe (LEAP) [34]. 

 

 

In the case of metals, the electric field penetrates less than the diameter of a single atom, hence 

only individual atoms of the very surface are evaporated [34]. 

 

In order to obtain a sufficiently strong electric field that will cause the evaporation of the surface 

atoms, samples are polished into a needle with apex radius being between 50 and 100 nm. The 

electric field can be then estimated as [35] 

      (7)

 

Where V is applied voltage, r is the radius of the apex, and kf is geometric field factor that 

depends on the shape of the tip.  

 

In this thesis, the unirradiated samples were prepared by standard electropolishing methods 

[34]. Rod-shaped samples of the material were repeatedly dipped into a solution (25 vol% 

perchloric acid, 75 vol% acetic acid) applying a decreasing DC voltage of 15 to 8 V as the sample 

gets thinner. The sample was moved through the electrolyte causing a necked region. Further 



43 
 

thinning resulted in splitting of the sample into two parts. The second stage consisted on 

micropolishing with the specimen repeatedly pushed through a gold loop containing a drop of 

electrolyte (2 vol% perchloric acid, 98 vol% 2-butoxyethanol) with DC voltage applied until a 

needle shaped specimen with a final tip radius below 100 nm was obtained (Figure 13).  

 

 
Figure 13. Micropolishing stage of sample preparation (illustration  from [36]) 

 

 

Irradiated samples were prepared with an in-situ lift out (previously explained in Section 2.3.2), 

after which a cantilever with dimensions 20 μm x 2 μm x 10 μm  was attached to a silicon post. 

Annular FIB milling is then used to sharpen the tip of the sample. The current usually starts off 

at 700 pA, at a voltage of 30 kV, and is gradually lowered as the tip gets thinner.  

 

In this work, high temperature simultaneously triple irradiated samples were run in a CAMECA 

LEAP3000™ in laser mode (λ = 532 nm), using a laser pulse energy of 0.40 nJ at 200 kHz repetition 

rate. The rest of the samples were run in a CAMECA LEAP5000™ in laser mode (λ = 355 nm), 

using a laser pulse energy of 0.040 nJ at 200 kHz repetition rate. The temperature was kept at 

50 K in all the measurements. 

All data sets were analyzed using the IVAS software [37]. The mass to charge spectrum was 

calibrated using the fact that the known peaks for Fe2+ and Cr2+ ions are 28 and 26 Da 

respectively. All peaks were ranged by hand, having in mind the material investigated. For peak 

identification tables provided in [34,38] were used. An example of mass spectrum obtained from 

the ODSM sample discussed in this thesis is shown in Figure 14. 

 
Figure 14. A mass spectrum obtained for the unirradiated ODSM sample. 
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For identification of clusters, the maximum separation method was used [39–41]. In this method 

Dmax is the maximum separation of solute ions for them to be regarded as part of the same 

cluster. Since, even in the random solid solution, some non-clustered solute ions will be within 

this distance of each other, there is a need to set a limit for the minimum number of ions that 

can constitute a cluster, Nmin. This is done because, in the random case, the probability of 

“clustering” non-clustered ions drops with the size of the cluster. Other parameters used are the 

envelope distance L , which represents the contribution of non-solute ions to the cluster and the 

erosion parameter derosion that serves to exclude matrix ions around the edge of the defined 

cluster [38].  

 

2.3.5. Nanoindentation 

 

Nanoindentation is a widely used technique for mechanical characterization of thin irradiated 

layers [42,43]. It measures the hardness and elastic modulus of a material from indentation load-

displacement data obtained during one cycle of loading and unloading [44]. 

An MTS NanoXP indenter, belonging to the Department of Materials at the University of Oxford, 

was used to perform Continuous Stiffness Measurements (CSM) using a Berkovich tip, in low 

temperature single (-80 °C) and high temperature triple (600 °C) ion irradiated ODSM and ODS1 

alloys. The maximum indentation displacement was 3 μm for the unirradiated and the JANNuS 

irradiated samples, and 2 μm for the CMAM irradiated samples in order to probe layers up to 

the maximum irradiation damage.  For each sample an array of 6x6 indents was performed and 

average hardness and modulus–depth curves plotted.  

Sample used for nanoindentation experiments are the same ones previously examined by PAS 

technique, so no particular sample preparation was needed. 
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In this chapter the microstructure of the unirradiated model and ODS alloys subject of this thesis 

will be investigated. The chapter is divided into five sections. The first three sections present the 

SEM, TEM and APT investigations made on these alloys. PAS investigations done on the 

unirradiated materials will be analysed in subsequent chapters, in parallel to the corresponding 

results for the irradiated alloys. The fourth section is a brief overview of the main results 

obtained from these investigations, and the fifth section presents the bibliography used in the 

chapter.  

Some of the results shown in this chapter have been already published in references [i, ii] stated 

in the Published and submitted content section. 

 

3.1. Model alloys 

M1 

The microstructure of the M1 model alloy (nominal composition Fe-14Cr wt%), shown in 

Figure 1a, was investigated by SEM and TEM. The alloy has an equiaxed grain structure with sizes 

ranging from 20 to 270 μm, being the mean size 100 ± 60 µm. The grain size distribution is shown 

in Figure 1b. No dislocations were observed by TEM. There are precipitates distributed in the 

material being their interparticle distance > 5 µm, see Figure 2. The sizes of precipitates resolved 

by SEM vary from 1-8 µm, and EDS analyses show that they are Cr oxides (Figure2b). There are 

also very few precipitates observed by TEM in the range of 10-50 nm. EDS analyses reveal that 

they are impurities rich in Ca and Ni (Figure 2c and d).  

 

 
Figure 1. a) SEM BSE image of the unirradiated M1 model alloy and b) grain size distribution. 
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Figure 2. Unirradiated M1 model alloy. a) SEM BSE image with arrows marking some of the 

precipitates present. b) EDS spectrum of one of those precipitates, identified as a Cr oxide. c) 

BF-TEM image showing a 10 nm precipitate, marked by an arrow. d) EDS spectrum of the 

precipitate, which is rich in Si, Ca and Ni. 

 

M2 

The microstructure of the M2 alloy (nominal composition Fe-14Cr wt%) was investigated by 

SEM. It also consists of large equiaxed grains, see Figure3a. These grains are free of dislocations 

[1]. The grains are bigger than those in the M1 alloy, ranging from 15 to 390 µm and having a 

mean size of 170 ± 120 µm. Their size distribution is shown in Figure3b and is wider compared 

to the M1 model alloy. No precipitates were observed by SEM in this sample, in accordance with 

the previously published EFDA report [1].  

 

Figure 3. a) SEM BSE image of grains and b) grain size distribution of the unirradiated M2 alloy.  
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3.2. ODS steel without Ti addition 

ODSM 

The ODSM model alloy (nominal composition Fe–14Cr–0.3Y2O3 wt%) has a homogeneous grain 

structure with grain sizes in the range 0.5-3 μm and a high density of dislocations (see Figure 4). 

Several types of secondary phases are present in this alloy. There are Cr rich particles in the size 

range 0.2 – 1 μm, identified as (Cr, Fe)23C6 carbides or Cr2O3 oxides, and small Y rich nano-oxides 

< 30 nm [2]. These nano-oxides, with round morphology, are found dispersed homogeneously 

throughout the matrix, see Figure 5, their mean size being 8 ± 6 nm (size distribution shown in 

Figure 6). Some of these Y rich nanoparticles are surrounded by a Cr shell (Figure 5b), while 

others have a homogeneous Y-Cr-O structure. A similar behaviour was previously observed in 

other ODS Fe(12-14wt%)Cr ODS model alloys [3,4]. Number densities were measured by EFTEM 

in five different regions with volumes in the order of 10-21 m3 and range between 

(1.8 ± 0.4) ×1022 m-3 and (2.5 ± 0.5) ×1022 m-3 (see Table 1). These results are in the same density 

range previously measured for this material by BF and HAADF-STEM [2,5].  

 
Figure 4. BF-TEM image showing a general view of the unirradiated ODSM alloy. 

 

 
Figure 5. EFTEM elemental maps of the unirradiated ODSM alloy. a) Elastic image, b) Cr M 

map, c) Y N map, d) Fe M map. The inset depicts the intensity profile of a Cr shell found 

surrounding an Y rich particle. 

 

1 µm
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Figure 6. Histogram showing the size distribution of 287 measured nanoparticles in the 

unirradiated ODSM alloy.  

 

 

Table 1. Nanoparticle visible number densities of five regions investigated by EFTEM in the 

unirradiated ODSM sample. 

Number density (m-3) 

(1.8 ± 0.4) × 1022 

(1.9 ± 0.4) × 1022 

(2 ± 0.4) × 1022 

(2.4 ± 0.5) × 1022 

(2.4 ± 0.5) × 1022 

 

APT cluster analyses show that Y, Y-O and Cr-O are in nanoclusters dispersed homogeneously 

throughout the sample, as it can be seen from the reconstruction in Figure 7a. The shape of the 

clusters was obtained by using the smallest, middle and largest characteristic length of the best-

fit ellipsoid enclosing each cluster by calculating their oblateness (smallest divided by middle 

characteristic length) and the aspect ratio (middle divided by largest characteristic length). 

Plotting the aspect ratio vs oblateness is used to define the shape of the cluster as sphere, rod, 

lath or disc [6]. In the ODSM sample, clusters are predominately spherical in shape (Figure 7b) 

with sizes ranging from 0.4 to 4.7 nm and mean size being 2.6 ± 0.9 nm. The size distribution of 

nanoclusters is shown in Figure 8a. For the distance between a cluster and its nearest neighbour, 

the distance from their centres of mass is used [7]. The distribution of measured distances 

between them is shown in Figure8b with mean size being 8 ± 3 nm. These results agree with 

previous analyses done by Auger et al. [5]. The number density, however, was four times higher 

than the one previously reported in [5], being (1.43 ± 0.14) x 1024 m-3 . 
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Figure 7. a) 3D ion maps of Y, YO and CrO. b) Morphology of 156 measured clusters of the 

unirradiated ODSM alloy.  

 

 
Figure 8. APT histograms for the unirradiated ODSM alloy: a) nanocluster size distribution and 

b) distances between nanoclusters.  

 

The difference in size and number density of nanoparticles measured with APT as compared to 

TEM is expected, due to the different resolution limits and volumes investigated by the two 

techniques.  
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3.3. ODS steels with Ti addition  

ODS1 

The unirradiated ODS1 (nominal composition Fe–14Cr–2W–0.3Ti–0.3Y2O3 wt%) steel shows a 

bimodal grain structure with regions of nanometer sized grains (200 – 800 nm) and a large 

density of dislocations and other areas with larger recovered grains up to 15 μm (see Figure 9). 

There are three types of secondary phases present in this steel. Irregular Cr-W rich carbides with 

sizes up to 1.5 μm, Ti-Cr oxides with round morphology and sizes ranging from 50 nm to 500 nm, 

and round smaller Y-Ti nano-oxides with sizes mostly below 30 nm [2].  

 

 
Figure 9. BF-TEM image showing a general view of the unirradiated ODS1 steel. 

 

As in the previously described model ODS steel, the Y-Ti nano-oxides, with mean size of 8 ± 5 

nm, are found to be quite uniformly dispersed throughout the matrix, see Figure 10. Their size 

distribution is shown in Figure 11. The number density of Y-Ti rich nanoparticles measured by 

EFTEM varies between (1.2 ± 0.2) × 1022 m−3 and (3.8 ± 0.8) × 1022 m−3 in agreement with those 

previously published [2]. The densities measured in six representative regions, with volumes of 

the order of 10−21 m3 are shown in Table 2. 

 
Figure 10. EFTEM maps of the unirradiated ODS1 steel a) elastic image, b) Y N map, c) Ti M 

map, d) Cr M map. 

  

1 µm
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Figure 11. Histogram showing the size distribution of 741 measured nanoparticles in the 

unirradiated ODS1 steel. 

 

Table 2. Nanoparticle visible number densities investigated by EFTEM in six regions of the 

unirradiated ODS1 steel. 

Number density (m-3) 

(1.4 ± 0.3) × 1022 

(2.1 ± 0.4) × 1022 

(2.6 ± 0.5) × 1022 

(3.3 ± 0.7) × 1022 

(3.8 ± 0.8) × 1022 

(1.2 ± 0.2) × 1022 

 

By APT it was possible to observe Y-Ti-O nanoclusters, according to the 3D ion maps displayed 

in Figure 12a. The shape of the clusters is mostly spherical (Figure 12b) which agrees with TEM 

observations. The cluster size distribution obtained from APT reconstructions is shown in Figure  

13a and the mean size of measured clusters was calculated to be 2.9 ± 1.1 nm. Two regions were 

analysed, and the calculated number densities are (3.4 ± 0.7) × 1023 m−3 and (1.0 ± 0.2) ×1024 

m−3. The distance between nanoclusters was also measured and the distribution is shown in 

Figure 13b. Their mean distance was calculated to be 9 ± 3 nm. 
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Figure 12. a) 3D ion maps showing Y-Ti-O and b) morphology of 198 measured clusters of the 

unirradiated ODS1 steel. 

 

 
Figure 13. APT characterization of the clusters in the unirradiated ODS1 steel: a) cluster size 

distribution, b) distance between nanoclusters. 

 

ODS2 

The microstructure of this steel was previously investigated in [8]. The nominal composition of 

ODS2 steel is Fe-14Cr-2W-0.4Ti-0.4Y2O3 wt%.  Scanning electron microscope (SEM) results 

showed that this steel has equiaxed submicron-sized grains and micron-sized grains elongated 

in the lamination directions with a mean size of 0.4 ± 0.2 μm. Figure 14 shows a general image 

of the microstructure of this steel. Three types of secondary phases were observed by SEM or 

BF-TEM. As it was the case with the previously discussed ODS steels, alloyed with W, irregularly 
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shaped Cr-W rich carbides with sizes ranging from 0.1 to 2 μm were found in the matrix alongside 

Ti-Cr oxides with sizes up to 300 nm. Y-Ti nano-oxides were found homogeneously distributed 

throughout the matrix with sizes < 30 nm, their mean size being 3 ± 4 nm and having a number 

density ranging between 0.9 and 5.4 x 1023 m-3 [8]. 

 

 
Figure 14. BSE-SEM image showing a general view of the unirradiated ODS2 steel. RD denotes 

one of the rolling directions. 

 

In this work, the microstructure of this steel has been mainly investigated by HAADF-STEM, 

focusing on the nanoparticle dispersion. Figure 15 depicts nanoparticles homogeneously 

dispersed throughout the ferritic matrix of the ODS2 steel. EDS analyses show (Figure  16) that 

these nano-oxides are Y-Ti rich. The nanoparticle size distribution is shown in Figure  17. The 

mean size of measured particles is 4 ± 2 nm in agreement with the previous findings.  The 

number density measured in three different regions with volumes of the order of 10-21 m3, 

shown in Table 3, ranges from (2.0 ± 0.4) x 1022 m-3 to (1.2 ± 0.2) x 1023 m-3. The measured 

densities appear to be slightly lower than the ones previously reported by BF-TEM, with 

equivalent measurement of the thickness using EELS [8]. This discrepancy could be attributed to 

the different technique used for the measurement (BF-TEM vs HAADF-STEM).  

 
Figure 15. HAADF STEM image showing distribution of nano-oxides dispersed throughout the 

matrix of the unirradiated ODS2 steel. 

 

20 nm20 nm
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Figure 16. EDS line-scan of a particle in the unirradiated ODS2 steel: a) HAADF image b) Y-K+L 

signal, c) Fe-K signal, d) Ti-K signal, e) Cr-K signal and f) O-K signal. 

 
Figure 17. Size distribution of 132 measured nanoparticles in the ODS2 steel. 

 

 

Table 3. Nanoparticle visible number densities of three regions investigated by HAADF-STEM in 

the unirradiated ODS2 steel. 

Number density (m-3) 

(5 ± 1) × 1022 

(2 ± 0.4) × 1022 

(1.2 ± 0.2) x 1023 

 

ODS3 

The microstructure of this ODS steel (nominal composition being Fe-14Cr-2W-0.3Ti-0.3Y2O3 

wt%) was previously investigated by SEM and BF-TEM in [8,9]. Those results, which agree with 
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our observations, show that after HCR the microstructure consists in 90 % of submicron sized 

grains and micron sized grains elongated in the lamination direction (Figure  18). Three types of 

particles were found in this steel; Cr-W carbides, having irregular or rounded shapes and sizes 

ranging from 0.1 to 2 μm, Ti-Cr oxides with mostly round morphologies, distributed 

preferentially near grain boundaries with sizes ranging from 30 to 150 nm, and Y-Ti nano-oxides 

homogeneously dispersed throughout the matrix with round shapes and sizes < 30nm, with 

mean size being 7 ± 5 nm [9]. 

 
Figure 18 . SEM image showing a general view of the unirradiated ODS3 steel. 

 

The above results are in agreement with what is seen in this work by HAADF-STEM. Figure 19 

shows the distribution of the oxides present in this steel. EDS line-scans were performed in 

HAADF-STEM mode to check the chemical composition of the Y-Ti nano-oxides.  

 
Figure 19. HAADF-STEM image showing Ti-Cr oxides (red arrow) and Y-Ti nano-oxides (blue 

arrow) dispersed throughout the matrix of the unirradiated ODS3 steel.  

 

 

An example is shown in Figure 20, where a Cr-shell can be intuited around the Y-Ti rich core. The 

mean size of the nano-oxides measured in this thesis is 8 ± 6 nm and their size distribution is 

depicted in Figure 21. The number densities of these nano-oxides measured from HAADF-STEM 

images range from (0.8 ± 0.2) to (2.5 ± 0.5) x 1023 m-3.  
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Figure 20. EDS line-scan of a Y-Ti nano-oxide embedded in the matrix of the unirradiated ODS3 

steel a) general HAADF image of the area. The inset shows a HAADF image of the particle with 

signal profiles b) Y-K+L signal, c) Fe-K signal, d) Ti-K signal, e) O-K signal and f) Cr-K signal. 

 

 

Values for five different analysed regions with volumes in the order of 10-22 m3 are shown in 

Table 4. These number densities are consistent with the previously measured ones; (0.14 ± 

0.03) to (2.0 ± 0.4) x 1023 m-3 [9]. 

 
Figure 21. Size distribution of 171 nanoparticles measured in the ODS3 steel. 
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Table 4. Nanoparticle visible number densities of five regions investigated by HAADF-STEM in 

the unirradiated ODS3 steel. 

Number density (m-3) 

(0.75 ± 0.15) × 1023 

(2.5 ± 0.5) × 1023 

(1.3 ± 0.3) × 1023 

(1.7 ± 0.3) × 1023 

(0.9 ± 0.2) × 1023 

 

3.4. Summary 

 

In this chapter the microstructure of six different samples was investigated by SEM, TEM and 

APT. Below listed are the main results: 

- The M1 model alloy has an equiaxed grain structure with mean size being 100 ± 60 µm. 

Precipitates observed by EDS are found to be Cr oxides in the size range 1-8 μm and few small 

impurities rich in Ca and Ni with sizes between 10 and 50 nm. No dislocations were observed by 

TEM. 

- Similarly, grains of the M2 model alloy are also equiaxed in structure with larger sizes, being 

the mean size 170 ± 120 µm. This alloy contained no visible precipitates nor dislocations, in 

accordance with previous investigations published in an EFDA report [1]. 

- The ODSM alloy has a homogeneous grain structure with grain sizes < 3 µm and Y rich 

nanoparticles dispersed throughout the matrix. TEM investigations found their mean size and 

mean number density to be 8 ± 6 nm and (2.1 ± 0.4) × 1022 m-3 respectively. The mean size and 

number densities of the nanoclusters found by APT are 2.6 ± 0.9 nm and (1.43 ± 0.14) × 1024 m-3 

respectively.  

- The ODS1 steel has a bimodal grain structure with nanometre-sized grains (200-800 nm) and 

recovered grains with sizes up to 15 µm. Nanoparticles are Y-Ti rich and their mean size and 

mean number density were measured to be 8 ± 5 nm and (2.4 ± 0.5) × 1022 m-3 respectively (TEM) 

and 2.9 ± 1.1 nm and (0.7 ± 0.2) × 1024 m-3 respectively (APT). 

- The ODS2 steel was mainly investigated by HAADF-STEM. The mean size of the Y-Ti rich 

nanoparticles and their mean number density were measured to be 4 ± 2 nm and (6.3 ± 1.1) × 

1022 m-3. 

- The ODS3 steel was also investigated and the mean size and number density of Y-Ti rich 

nanoparticles was found to be 8 ± 6 nm and (1.4 ± 0.3) × 1023 m-3, respectively.  
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In this chapter, the irradiation induced changes on the microstructure of the model and ODS alloys 

subject of this thesis will be investigated after different single ion irradiations. The chapter is 

divided into seven sections. The first section presents the irradiation conditions and SRIM 

simulations of the damage and ion concentrations. The second section discusses the stability of 

nanoparticles, which has been investigated by TEM and APT. The third, fourth and fifth sections 

analyse the characterization of defects after the single Fe+ and He+ ion irradiations by PAS, TEM 

and/or nanoindentation. The sixth section is a brief overview and summary of the results and the 

seventh section presents the bibliography of the chapter. 

Some of the results shown in this chapter have been already published in references [ii, iii, iv] 

stated in the Published and submitted content section. 

 

4.1. Irradiation conditions and SRIM simulations 

 

Single Fe+ ion irradiations were carried out in the Standard line at the CMAM facility using 1 MeV 

Fe+ ions at -80 °C or at RT to fluences of 6.5 x 1015 ions/cm2 and 8.2 x 1015 ions/cm2 respectively. 

These temperatures were chosen to investigate low temperature effects and minimize possible 

temperature-related recovery of defects. Figure 1 shows the implanted ions and damage profiles 

obtained from SRIM calculations. It must be noted that SRIM calculations are performed at 0 K so 

temperature effects are not taken into account, which can affect the actual depths of the 

damaged regions.  The maximum damage peak obtained for this ion energy (Bragg peak) is located 

at around 300 nm from the sample surface. The maximum estimated damages at the Bragg peak 

corresponding to the two fluences are 15 dpa and 22 dpa.  

Six samples were irradiated with 1 MeV Fe+ at low temperatures with different conditions. The M2 

model alloy along with the ODSM and ODS1 alloys were irradiated at -80 °C to a damage of 15 dpa. 

The M1 and ODS1 alloys were irradiated at RT to a damage of 15 dpa and the M2 model alloy was 

irradiated at RT to a damage of 22 dpa.  

 
Figure 1. Implantation profiles and damage distributions as a function of depth calculated by SRIM 

for 1 MeV Fe+ ions up to a damage of a) 15 dpa damage and b) 22 dpa. 
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He+  irradiations were done at room and intermediate (400/450 C) temperatures at the ion 

implanter in CIEMAT. Samples were irradiated with 50 keV He+ to fluences of 6.5 x 1015 ions/cm2 or 

1016 ions/cm2. Figure 2 shows the implantation profiles and damage distributions for these 

irradiations, as calculated by SRIM. The maximum He concentration reaches 4700 or 8000 appm at 

around 200 nm. The maximum damages, 0.3 dpa or 0.5 dpa respectively are located at 160 nm 

(Bragg peak). As expected, the damage produced by He+ is much lower than the one induced by 

the heavier Fe+ ions. 

  
Figure 2. Implantation profile and damage distribution as a function of depth calculated by SRIM 

for 50 keV He+ ions up to a damage of a) 0.3 dpa and b) 0.5 dpa. 

 

Seven samples were irradiated with 50 keV He+ at various temperatures, from -80 to 450oC, and 

conditions. The M1 and ODS1 alloys were irradiated at RT to 0.5 dpa damage. The M1, ODS2 and 

ODS3 alloys were irradiated at 400 °C to a damage of 0.3 dpa. Another intermediate irradiation at 

a slightly different temperature (450 °C) was performed on the M1 and ODS1 alloys to a damage 

of 0.5 dpa.  

The overview of the samples investigated, and corresponding irradiation conditions are shown 

in Table 1. 
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Table 1. Single irradiation conditions and investigated alloys. 

Ions 
Irradiation 

temperature (°C) 

Fluence 

(ions/cm2) 

dpa/appm 
Investigated alloys 

1MeV Fe+ 

-80 6.5 x 1015 

15 dpa 

M2, ODSM, ODS1 

RT 
6.5 x 1015 M1, ODS1 

8.2 x 1015 22 dpa M2 

50keV He+ 

RT 1016 8000 appm M1, ODS1 

400 6 x 1015 4700 appm M1, ODS2, ODS3 

450 1016 8000 appm M1, ODS1 

 

 

4.2. Stability of nanoparticles after low temperature single Fe ion irradiation  

The effect of the irradiation with Fe+ at -80 C in the nanoparticles present in the ODSM and ODS1 

alloys has been investigated by TEM and APT.  

ODSM 

The general microstructure of the irradiated alloy is stable after the irradiation, see Figure 3. The 

same types of secondary phases as before irradiation are visible, i.e. large Cr rich particles and 

smaller Y rich nano-oxides, and their chemical composition appears unchanged after the low 

temperature irradiation as the EDS elemental maps in Figure 4 show. The size distribution of the Y 

rich nano-oxides before and after the irradiation obtained from TEM measurements can be seen in 

Figure 5. The mean size, 4 ± 2 nm, is lower than the corresponding mean size in the non-irradiated 

sample (8 ± 6 nm), which points to the partial dissolution of larger nanoparticles. For this sample, 

EELS measurements could not be accomplished therefore nanoparticle number densities could not 

be calculated. 
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Figure 3. HAADF-STEM general image of the ODSM alloy irradiated with Fe+ at -80 °C (FIB 

sample). The blue arrow signals Cr rich particles while the red arrows point to Y rich nano-

oxides. The direction towards the surface of the sample is marked with the green arrow.  

 

 
 

Figure 4. STEM image and EDS elemental maps of the ODSM alloy irradiated with Fe+ at -80 °C 

showing the secondary phases present in the steel: a) HAADF-STEM b) Fe K map c) Cr K map d) Y 

K+L map and e) O K map. 
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Figure 5. Histograms showing the size distribution of nanoparticles in the ODSM alloy, according 

to TEM measurements a) unirradiated sample and b) sample irradiated with Fe+ at -80 °C (106 

measured particles in the irradiated sample). 

 

These results are supported by APT analyses. The 3D reconstruction in Figure 6a shows that the 

chemistry of the Y-O nanoclusters has remained the same after irradiation. However, the 

morphology of a fraction of nanoclusters appears to shift from spherical to disc shaped (Figure 6b). 

Figure 7a and b show the nanocluster size distribution obtained from APT measurements for the 

sample before and after low temperature irradiation. The average size of the nanoclusters is 

similar, 2.6 ± 0.9 nm in the unirradiated alloy and 2.9 ± 0.6 nm after the low temperature 

irradiation. Even though the changes in the mean size are within the errors, from the size 

distribution histograms it can be noted that there are no nanoclusters < 1.5 nm post-irradiation. 

Figure 7c and d show the distribution of distances between nanoclusters before and after low 

temperature irradiation respectively. The mean value of the distance between nanoclusters is 

slightly larger post irradiation, 11 ± 3 nm, as opposed to 8 ± 3 nm for the unirradiated. The 

measured number density of nanoclusters is (7.72 ± 0.03) x 1023 m-3 which is lower than in the 

unirradiated sample (1.43 ± 0.14) x 1024 m-3. One of the explanations for this behaviour may be 

ballistic dissolution of smallest nanoparticles [1]. This phenomenon was also noted by Certain et 

al. when irradiating an ODS sample with Ni2+ at -75 °C to 5 dpa [2].  
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Figure 6. a) 3D ion maps of Y, YO and CrO, and b) morphology of 40 measured clusters in the 

ODSM alloy after Fe+ irradiation at -80 °C. 
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Figure 7. APT histograms for the ODSM alloy: size distribution in a) unirradiated sample and b) 

sample irradiated with Fe+ at -80 °C and distances between nanoclusters in c) unirradiated 

sample and d) sample irradiated with Fe+ at -80 °C. 

 

ODS1 

SEM and TEM observations show that, as in the previous case, the general microstructure of the 

irradiated ODS steel appears to be stable after the irradiation, with bimodal grain structure, see 

Figure 8. The secondary phases present in the steel do not appear to vary their chemical 

compositions. Figure 9 shows STEM EDS images of the Ti-Cr rich oxides and Y-Ti rich nano-oxides 

present after the irradiation. Size histograms of the nano-oxides measured by TEM are shown in 

Figure 10. The average size of the nanoparticles measured by TEM appears to be similar (8 ± 5 nm 

in the reference sample and 7 ± 4 nm in the irradiated sample) although it has to be taken into 

account that in this sample the statistics is low, as only 35 nano-oxides could be measured. 

APT ion maps of Y-Ti-O nanoclusters are presented in Figure 11a. Similar to the previous sample it 

appears that the morphology of the clusters tends to be more disc shaped, as it can be observed in 

the cluster shape diagram shown in Figure 11b. APT measurements show that after the low 

temperature irradiation the average cluster size is reduced from 2.9 ± 1.1 nm (prior irradiation) to 

2.1 ± 1.0 nm. The size distribution histograms for APT measurements of the sample before and 

after low temperature irradiation are shown in Figure 12a and b respectively. The mean number 

density of nanoclusters in the irradiated sample grew to (9 ± 2) × 1023 m−3 compared to 
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(6.7 ± 1.3) × 1023 m−3 in the unirradiated sample. In Figure 12c and d it can be seen that the 

distances between nanoclusters are reduced in the irradiated sample, mean value being 7 ± 3 nm 

for irradiated compared to 9 ± 3 nm for unirradiated sample. Unlike in the case of the previously 

discussed model ODS alloy, it appears that in this case the larger nanoclusters are being partially 

dissolved and there is a nucleation of new, smaller nanoclusters due to irradiation.  

 
 

Figure 8. a) SEM image of FIB-ed trenches and b) BF-TEM image of the general microstructure in 

the ODS1 steel irradiated with Fe+ at -80 °C. 

 

 
Figure 9. STEM image and EDS elemental maps of the ODS1 steel irradiated with Fe+ at -80 °C 

showing the distribution of Ti-Cr rich particles and Y-Ti rich nanoparticles: a) HAADF-STEM b) Fe K 

map c) Ti K map d) Cr K map e) O K map and f) Y L map. 
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Figure 10. Histogram showing the size distribution of nanoparticles in the ODS1 alloy, according to 

TEM measurements a) unirradiated sample and b) sample irradiated with Fe+ at -80 °C (35 

measured particles in the irradiated sample). 

 

Figure 11. a) Reconstructed 3D ion maps b) analysis of cluster morphology of 198 measured 

nanoclusters in the ODS1 sample irradiated with Fe+ at -80 °C.  
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Figure 12. APT histograms for the ODS1 steel: size distribution in a) unirradiated sample and b) 

sample irradiated with Fe+ at -80 °C and distances between nanoclusters in c) unirradiated sample 

and d) sample irradiated with Fe+ at -80 °C. 

 

4.3. Characterization of defects after low temperature single Fe ion irradiations by PAS 

 

4.3.1. Single Fe ion irradiation at -80 °C  

PAS and nanoindentation techniques have been applied to characterize the defects induced by the 

Fe+ irradiation -80 °C on the M2 model alloy and the ODSM and ODS1 alloys. TEM was not used for 

defect characterization as TEM samples had been prepared by FIB. This sample preparation 

technique is known to introduce artefacts which are hard to distinguish from the irradiation 

induced defects.  
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Characterization by PAS 

Vacancy-type irradiation induced defects have been analysed from DB and CDB measurements 

performed at the SPONSOR positron beam facility at Helmholtz Zentrum Dresden Rossendorf 

(HZDR).  

Figure 13 shows the DB line parameters S and W as function of the incident positron energy for 

the different samples investigated, as well as for pure Fe well annealed used as reference. As it can 

be seen, the S-parameter of the unirradiated well-annealed model alloy M2 appears very similar 

to the S-parameter of pure Fe, Figure 13a, both profiles corresponding to defect free samples. At 

the highest positron energies, where no positrons diffuse back to the surface, bulk values of S-

parameter (as well as W-parameter, Figure 13b) are almost equal in both samples. This would 

indicate that Cr does not play a significant role in the annihilation of positrons. This result is 

expected as the positrons preferentially annihilate near Fe atoms, being the positron affinities of 

Fe and Cr A+Fe=-3.84 eV and A+Cr=-2.62 eV, respectively [3].  

 

Figure 13. a) S-parameter and b) W-parameter for pure Fe and the M2, ODSM and ODS1 alloys 

before and after low temperature Fe+ irradiation as function of the incident positron energy. 
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The S (and W) profiles of the unirradiated ODS alloys are very similar, regardless their differences 

in composition.  For positron energies < 10 keV, the S-parameters of the M2 model alloy and pure 

Fe lie above the ones for ODS samples. It is known that in materials with low number of defects, 

positron diffusion lengths are longer so more positrons could back diffuse and annihilate near the 

surface, giving rise to the S-parameter associated with surface annihilation. At energies above 10 

keV, the S and W-parameters of the unirradiated ODSM and ODS1 alloys have a flat profile 

indicating uniformly dispersed open-volume positron traps or their saturation [4]. At the bulk, the 

S-parameter for ODS samples lies higher than for the well annealed materials. This result agrees 

with positron lifetime measurements, as the same unirradiated ODS materials have a higher 

positron lifetime - 200 ps while for the bulk of pure, defect-free Fe that value is 106 ps [5,6]. 

Results of the PAS DB measurements for all irradiated alloys show an increase of the S-parameter 

values in the entire positron energy range. This means that the fraction of positrons annihilating 

with low momentum electrons has increased, indicating the presence of open volume defects 

created by the irradiation. Dips in S-parameters of irradiated samples at 2 keV are attributed to 

the surface effects [4,7]. The S-parameter profiles of all irradiated samples exhibit a wide 

maximum region located around 4-20 keV. The maximum S value, more clearly seen in the 

irradiated model alloy, occurs for an incident positron energy of 12-14 keV. In Figure 14 the 

implantation profiles of positrons for different positron energies, according to the Makhovian 

distribution discussed in chapter 2 (subsection 2.2.2., equation (4)), has been calculated for an 

Fe14Cr alloy. These calculations are valid for all investigated alloys, ODS and non ODS, as there are 

no significant changes of mass density between them. The obtained profiles indicate the spatial 

distributions of positrons in the sample after slowing down and thermalization, just before 

diffusion takes place. As it can be seen, the mean implantation range of positrons increases with 

increasing energy. The mean range for 12-14 keV positrons corresponds to implantation depths of 

270-350 nm. These values agree very well with the Bragg peak of the Fe+ irradiation calculated by 

SRIM (damage profile shown in Figure 1) that is estimated around 300 nm. In Figure 1 it is seen 

that the irradiation induced damage extends up to 600 nm. Therefore, at positron energies higher 

than 20 keV, the fraction of positrons implanted deeper than 600 nm will become predominant. 

The increasing contribution from the unirradiated layers is reflected in the S-parameter values that 

start to decrease towards the bulk value for energies > 20 keV.  In any case at the highest positron 

energies (35 keV) there is still an observable influence of damaged layers, due to the smearing of 

positron implantation profile. Due to the broadening of the implantation profile of higher energy 

positrons (Figure 14), the S-parameter value in the bulk region for the irradiated sample will have 

some contribution of the shallower, more damaged region [8].  The difference between the S-

parameter in the zone of maximum damage post irradiation with respect to the bulk value of an 

unirradiated sample is 22 % for M2 and 13.6 % for both ODSM and ODS1 alloys. The much 

higher S-parameter values obtained in the case of M2, compared to both ODS samples indicates 

that the model alloy contains less vacancy traps (particles, dislocations, etc) which leads to a 

higher concentration and/or larger vacancy clusters forming under the irradiation. This evidences 

the impact that nanofeatures, such as Y rich nanoparticles, alongside other sources of positron 

traps (grain boundaries, dislocations, precipitates, etc.) have on reducing the irradiation damage. 

There is no significant difference between the S-parameter profiles of samples ODSM and ODS1, 

suggesting similar concentrations and/or sizes of irradiation induced open volume defects.  
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Figure 14. Positron implantation profiles calculated for an Fe14Cr alloy at different positron 

energies. 

  

The W-parameter shown in Figure 13b is in agreement with what was seen in S-parameter and 

signals no change of behaviour in the high momentum area. This is confirmed with the S/W 

diagram shown in Figure 15. As mentioned in Chapter 2, this diagram is used to identify how many 

different types of defects (positron traps) are present in the sample. If the S/W ratio of a certain 

sample lies on the same line, nature of vacancies/vacancy clusters remains the same, their 

concentration being the only difference. In this case S/W plots for both ODS alloys can be fitted to 

a single linear function. Hence, it appears that there is only one type of open volume defect 

present in both ODS reference samples, and the type of defect remained the same after the low 

temperature Fe+ irradiation.  

 

Figure 15. S/W plot for pure Fe and M2, ODSM and ODS1 alloys before and after the low 

temperature Fe+ irradiation. 

Figure 16 shows CDB profiles of the M2 and ODSM alloys were obtained with positron energy set 

to 14 keV as that energy corresponds to the maximum damaged region. The CDB curves before 
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and after irradiation are normalized with respect to the unirradiated M2 model alloy, as shown in 

Figure 16a. The low momentum portion of the ratio profile for irradiated M2 sample presents a 

significant increase showing the presence of open-volume defects, previously observed in the S-

parameter graph in Figure 13a. The higher momentum signal corresponds to positron 

annihilations with core electrons, so it goes lower in the case of the irradiated M2 model alloy. The 

differences in the high momentum region of the CDB profiles would reflect different types of core 

electrons, therefore it could give information of the chemical environment of the positron trap 

(vacancy or vacancy clusters). The CDB profile of the unirradiated ODSM alloy shows a marked 

local minimum followed by a ratio increase. Therefore, as the trend of the profile is similar to the 

one for pure Y2O3 and as these curves show characteristic annihilation momentum signatures for 

positrons trapped near particles, it appears that most positron traps are Y rich [9–12].  

 
Figure 16. a) CDB ratio to well-annealed M2 obtained at 14keV of the M2 alloy after low 

temperature Fe+ irradiation and of the ODSM alloy before and after low temperature Fe+ 

irradiation and b) CDB curve binned (bin size 1.2 x 10-3 m0c).  

 

However, in the ODS sample after the irradiation there is a quantitative and qualitative change of 

positron traps as the CDB profile shows. In the high momentum region, the CDB ratio becomes 

lower for the irradiated ODSM than its unirradiated counterpart, pointing to the increase of open 

volume traps. However, after the local minimum, the shape of the curve for the irradiated ODSM 

does not increase becoming more similar to the shape of the CDB curve for the irradiated M2 

sample. This is more obvious after the binning of the curves shown in Figure 16b. These results 
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would imply that the role of Y rich nanoparticles in the annihilation of positrons is not so 

predominant. This agrees with what was seen by TEM and APT. Under the present irradiation 

conditions, some of the smaller nanoparticles totally dissolve, thus lowering the amount of Y rich 

positron traps in the sample (reflected by the lower number density and higher mean distance 

between the nanoclusters). 

Nanoindentation 

Results of the nanoindentation experiments for both ODSM and ODS1 alloys pre- and post-

irradiation are shown in Figure 17. There is no obvious change of modulus data in none of the 

cases (Figure 17a and c). The hardness values of the ODSM and ODS1 alloys post-irradiation are 

shown in Figure 17b and d. There is a slight hardening in the region where the maximum 

irradiation damage is estimated to be according to SRIM calculations (Bragg peak is 300 nm) 

which is consistent with previously discussed PAS DB measurements (Figure 13a). These results 

showed that these irradiation conditions generated an increase in open volume defects, which 

would lead to increase in hardness [7]. However, it must be emphasized that nanoindentation 

values post irradiation are well within the experimental error of values for their respective 

unirradiated samples. 

 

 
Figure 17. Nanoindentation results for both the ODSM and ODS1 alloys before and after -80 °C Fe+ 

irradiation. a) Modulus and b) hardness profiles for ODSM and c) modulus and d) hardness profiles 

for ODS1 samples.  
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4.3.2. Single Fe ion irradiation at RT 

In this section open-volume defects induced by Fe+ irradiations at room temperature (RT) are 

characterized by PAS. Two alloys were irradiated with 1 MeV Fe+ to a damage of 15 dpa; the M1 

model alloy and the ODS1 steel. Another model alloy, M2, was also irradiated with 1 MeV Fe+ at RT 

but to a damage of 22 dpa.  

DB and CDB measurements have been performed in NEPOMUC positron source at 

Forschungszentrum München II (FRMII). The main results obtained are summarized below and 

compared with the samples prior to irradiation. 

The S and W line parameters of all investigated samples before and after irradiation are shown in 

Figure 18a and b. The unirradiated S-parameter of the well-annealed model alloy M1 is very 

similar to the S-parameter of pure Fe. However, this is not the case with the unirradiated M2 

sample – its S-parameter profile is very similar to the profile of the unirradiated ODS1 sample, 

indicating pre-existing open-volume defects in the sample. The reason for the difference in S-

parameters of the M2 sample shown in Figure 13a and the M2 sample shown in Figure 18a is 

attributed to the sample preparation. Prior to being subjected to the -80 °C irradiation, the M2 

alloy was annealed at 850 °C for 2 hours after mechanical polishing. In the case of presently 

discussed RT irradiation, the heat treatment was not performed in the final steps of the M2 

sample preparation. This points to the existence of a subsurface zone that can propagate up to 

150 μm into the sample [13]. It was previously shown by Veternikova et al. that non-irradiated 

samples of Eurofer and ODS Eurofer contain residual open-volume defects introduced during the 

manufacturing process or sample preparation, when compared to well-annealed Fe9Cr [14]. 

In all cases, it appears that the number of vacancies/their size has increased due to the Fe+ 

irradiations at RT, as the S-parameter of irradiated samples has a significantly higher value 

compared to the reference sample in the area of highest damage simulated by SRIM. The S-

parameters for both irradiated model alloys seem to behave similarly in the region of maximum 

damage according to SRIM calculations (10-20 keV), despite the higher dose sample M2 was 

subjected to (22 dpa) which could point to the saturation effect of the positron traps. For higher 

values of positron energy, the S-parameter of the irradiated M1 sample has a higher value 

compared to the irradiated M2 sample. As discussed in the previous section, this would be 

attributed to the larger diffusion lengths in the well-annealed, defect-free sample, as higher 

energy positrons diffuse back and annihilate in the shallower, more damaged regions, thus giving 

rise to the S-parameter close to the bulk, which is not the case for samples with pre-existing 

defects.  

The difference between S-parameters for both irradiated model alloys and bulk value of 

unirradiated well-annealed model alloy is 18 %, very similar than the one found for the 

previous -80 °C Fe+ irradiation (21 %), both measured at the maximum. This demonstrates that 

the temperature of these irradiations did not play a significant role and that both -80 °C and RT 

irradiations can be considered to be low temperature.  

The ODS1 steel shows a higher resistance to radiation damage as it was also the case after 

the -80 °C Fe+ irradiation. After the single-ion irradiation at RT, the model alloys show a larger 

increase of number of vacancies with respect to their respective unirradiated samples (18 %) as 

compared to the ODS steel (6 %).  
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Figure 18. a) S-parameter and b) W-parameter for pure Fe and the M1, M2 alloys and the ODS1 

steel before and after the RT Fe+ irradiation as function of the incident positron energy.  

 

The S/W plot is shown in Figure 19. It appears that there is only one type of positron trap present 

in both unirradiated and irradiated model alloys and unirradiated steel. However, in the case of 

the Fe+ irradiated ODS steel, it seems that there are at least two different types of high 

momentum traps present, as the S/W plot for this sample cannot be fitted with a single line. The 

S/W points that do not follow the general trend (marked in the Figure 19) correspond to the 

energy range 10-20 keV. This confirms that they are induced by the irradiation and are not pre-

existing defects. 
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Figure 19. S/W plot for pure Fe, M1 and M2 alloys and the ODS1 steel before and after the RT Fe+ 

irradiation. The red circle marks values corresponding to positron incident energies in the range 

10-20 keV. 

CDB ratio profiles with respect to pure annealed Fe are shown in Figure 20. For the unirradiated 

M1, M2, ODSM and ODS1 alloys profiles were obtained at positron energies of 30keV to probe the 

bulk (Figure 20a), while for the irradiated M2 and ODS1 alloys (Figure 20b) the CDB measurements 

were done at the energies for maximum S-parameter values (17 keV and 18 keV respectively). 

The unirradiated CDB curve for the M1 model alloy is similar to the reference pure Fe, indicating a 

well annealed sample with little to no open volume defects (Figure 20a). Moreover, the effect of 

Cr (present either in the matrix or in the Cr oxides) is not visible as the CDB profile does not 

resemble the characteristic one for Cr [4,12]. As the S-parameter graphs already have shown in 

Figure 18a, annihilation characteristics are almost undistinguishable to defect-free pure Fe. This is 

in agreement with the higher positron affinities for Fe atoms, as compared to Cr. However, in the 

case of the unirradiated M2 model alloy, the CDB profile shows the presence of defects. The ratio 

curve at lower momentum lies higher than that for well-annealed pure Fe, dropping below it for 

higher momenta. The largest difference is observed at around 15 x 10-3 m0c after which the profile 

is mostly flat. Comparing the ratio profile of the unirradiated M2 sample with the profile of pure Cr 

measured by Parente et al [4], it is evident that the majority of positrons are not annihilating with 

high momentum Cr core electrons, hence the positron traps  would be located preferentially in the 

vicinity of Fe atoms. A similar result was obtained by Lambrecht et al for as-received Cr rich alloys 

(2.5-12% Cr); CDB spectra have a similar profile to that of the presently discussed M2 alloy while 

the minima of the spectra are independent of the Cr content [15]. Moreover, the CDB profile for 

irradiated pure Fe also shows the same shape [15].  

CDB ratio profiles to pure Fe for the unirradiated ODSM and ODS1 alloys are also shown in Figure 

20a. Both profiles present the same behaviour. As it was also discussed in the previous section for 

the ODSM alloy it appears that CDB curve for the unirradiated ODS1 sample also shows the 

presence of mainly Y rich positron traps [9,11]. CDB curves shown in Figure 20a show very similar 

shapes for both ODS alloys independently of the chemical composition of the nanofeatures (Y rich 
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or Y-Ti rich). This is in agreement with CDB measurements performed on Y2O3, Ti2O3 and TiO2 

oxides, where the three oxides showed very similar profiles [12]. 

Figure 20b shows the CDB profiles of the irradiated M2 and ODS1 samples, along with their 

corresponding unirradiated samples. The lower momentum (< 5 x 10-3 m0c) portions of the CDB 

curves for both irradiated samples are lying higher than the ones for the non-irradiated suggesting 

an increase in number/size of the open volume defects. 

 

Figure 20. CDB ratio curves to pure Fe of a) the unirradiated M1, M2, ODSM and ODS1 alloys and 

b) the M2 alloy and ODS1 steel before and after RT Fe+ irradiation. 

The higher momentum portion of the CDB profile for the irradiated M2 alloy shows the highest 

irradiation effect, being the one furthest away from the reference pure Fe. The profile follows the 

same trend as for the unirradiated M2 sample already containing defects due to preparation. This 

suggests that the chemical environment is not changing between the deformation-induced and 

irradiation-induced positron traps. The shape of CDB profile of the irradiated M2 alloy shows a 

similar trend as neutron irradiated pure Fe samples, thus reflecting the annihilation of positrons in 

the irradiation induced Fe-adjacent vacancies [15]. 

The higher momentum region of the Fe+ irradiated ODS1 sample lies above the one for irradiated 

model alloy confirming that there are less irradiation-induced open-volume defects. It is also 
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positioned closer to its unirradiated counterpart, showing the effect of Y-Ti rich nanoparticles even 

after the irradiation. This was not the case for the low temperature irradiated ODSM sample 

discussed previously. From Figure 16 it can be seen that CDB profile of the irradiated ODSM does 

not reflect the significant role of the Y in the annihilation of positrons. The comparison of the CDB 

results of these two irradiations suggests the existence of traps associated with the Y signal in the 

irradiated ODS1, that do not appear in the irradiated ODSM. This was also seen in the S/W plot in 

Figure 19.  These results are in agreement with the previous APT investigation of ODSM and ODS1 

samples irradiated at -80 °C which shows a better stability of nanoclusters in the sample 

containing Y-Ti.  

 

4.4. Characterization of defects after room and intermediate temperature single He ion 

irradiations by PAS 

 

Room temperature irradiations were performed for the model M1 alloy and ODS1 steel to a 

concentration of 8000 appm. These two alloys were also irradiated at 450 °C to the same 

concentration (8000 appm) to be compared with the ones irradiated at RT. Another sample of the 

M1 model alloy along with the ODS2 and ODS3 steels were irradiated at 400 °C to a concentration 

of 4700 appm. 

4.4.1. Single He ion irradiation at RT 

 

The M1 model alloy and the ODS1 steel were irradiated with 50keV He+ ions at RT to 8000 appm. 

These samples were characterized using PAS (C)DB techniques.  

Figure 21 shows the DB S and W line parameters as a function of the positron incident energy, for 

both the M1 alloy and the ODS1 steel irradiated with He+ at RT. As it can be seen in Figure 21a, 

there is an increase of the S-parameter for both materials, the reverse happening in W-parameter, 

Figure 21b. However, as expected the effect of the He+ irradiation is weaker than the changes 

induced by the Fe+ irradiations (see Figure 18), being the amount of defects created much smaller, 

as also predicted with SRIM in Figure 2. 
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Figure 21. a) S-parameter and b) W-parameter for the unirradiated and He+ RT irradiated M1 and 

ODS1 alloys as a function of the incident positron energy.  

 

As mentioned previously, the S-parameter of the unirradiated well-annealed M1 alloy reflects the 

lack of open volume defects, being very similar to the S-parameter of defect-free pure Fe (see 

Figure 18). In the irradiated M1 alloy, there is an increase of the S-parameter in the range 2-22 keV 

with respect to the unirradiated sample. However, it does not show a clear maximum and follows 

the surface-bulk trend of the unirradiated one. This increase of S-parameter, measured at 7 keV, is 

9.5 %. At energies higher than 22 keV after there are no differences between the irradiated and 

the unirradiated samples. The Bragg peak for this irradiation is calculated by SRIM to be 160 nm, 

and the damage done by He+ is 0.3 dpa, therefore there are less irradiation induced defects and 

they are closer to the surface, as compared to the previously discussed Fe+ irradiations.  

The flat profile of the S-parameter for the unirradiated ODS1 sample signals the expected 

existence of open-volume defects in the sample. Post-irradiation increase is only 3.3 % in the zone 

of maximum damage.  It is thought that Y-Ti rich nanofeatures (along with other precipitates, grain 

boundaries and dislocations present in ODS steels) act as recombination sites for irradiation-

induced vacancies/vacancy clusters and implanted He atoms, thus inhibiting growth of vacancy 

clusters, and subsequently the rise of S-parameter.  
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From the linear shape of the S/W plot, Figure 22, it can be concluded that for the M1 model alloy 

the He+ irradiation at RT did not introduce a new type of defect. In the case of the ODS1 steel it 

can be seen that positrons with lower energies annihilate in the ferritic matrix, as the S/W plot 

follows the trend of the irradiated M1 sample. However, for higher energy positrons the S/W plot 

of the irradiated ODS1 sample appears to be similar to the one of the non-irradiated one, which 

would reflect the annihilation in traps associated to nanoparticles or defects present in the 

material, as it was the case prior to the irradiation.  

 

 

Figure 22. S/W plot for the M1 and ODS1 alloys before and after RT He+ irradiation. 

 

Results of CDB normalized to pure annealed Fe are shown in Figure 23. The profiles were obtained 

at 30 keV positron energy for the unirradiated samples and at 7 keV for the He+ irradiated ones. At 

low momentum, the CDB curve of the irradiated M1 sample lies higher than for its unirradiated 

counterpart reflecting open volume defects created by the He+ ions. Positrons are very sensitive to 

open-volume defects, so even at low damage of 0.3 dpa, they are able to detect them and get 

trapped. For higher momentum values, the profile of the CDB curve of the M1 He+ irradiated 

sample has a local minimum around 15 x 10-3 m0c and a local maximum around 22 x 10-3 m0c. This 

behaviour is quite different than what was seen for the previously discussed model alloy M2 

irradiated by Fe+ in both Figure 16 and Figure 20. It appears that the chemical environment of 

open-volume traps has changed due to the He+ irradiation, possibly creating He-vacancy 

complexes. However, no peak in the range of 8-14 x 10-3 m0c was detected as it was observed by 

Cao et al in Fe9Cr irradiated with 20keV He+ at RT to the same dose [16]. It must be noted that for 

this shallower irradiation the CDB profile was obtained at positron energy of 4.5 keV, therefore the 

positron distribution profile is more localized enhancing the signal from the damaged region.  

In the case of the irradiated ODS1 sample, the CDB profile undergoes a change with respect to its 

unirradiated profile – its local minimum is slightly shifted from 17 x 10-3 m0c to 15 x 10-3 m0c and it 

has a new local maximum at 22 x 10-3 m0c. It essentially becomes identical to the profile of the 

irradiated M1 sample suggesting that in the ODS1 after irradiation positron traps are not 

associated with nanoparticles but are in the ferritic matrix. 

0.080 0.085 0.090 0.095 0.100 0.105 0.110
0.45

0.46

0.47

0.48

0.49

0.50

0.51

0.52

0.53

0.54

 

 M1

 M1 RT He 8000 appm

 ODS1 

 ODS1 RT He 8000 appm

S

W



89 

 

  
Figure 23. CDB ratio curves to pure Fe of the M1 model alloy and the ODS1 steel before and after 

RT He+ irradiation.  

 

 

4.4.2. Single He ion irradiation at intermediate temperatures 

Five samples were irradiated at intermediate temperatures: Two samples of the M1 model alloy 

and three ODS steels. The well-annealed M1 alloy and ODS1 steel were irradiated at 450 °C to a He 

concentration of 8000 appm. Another sample of the M1 model alloy, along with the ODS2 and 

ODS3 steels were irradiated at 400 °C to a He concentration of 4700 appm. The characterization of 

these materials before and after irradiation was done by PAS (C)DB and TEM and is presented 

below. 

Irradiation induced damage  

Figure 24 shows results of PAS DB measurements of the unirradiated M1, ODS1, ODS2 and ODS3 

samples. All three ODS steels have similar, flat, profiles reflecting their complex microstructure 

and a large amount of preexisting open-volume defects. The S-parameter value for the ODS2 and 

ODS1 steels are very similar (Figure 24a) except for the surface effects visible for positron energies 

< 5 keV. In the case of the ODS3 steel, the S-parameter is slightly higher than the one for the ODS2 

steel, suggesting more open volume defects or the type of the traps being different in the 

unirradiated state. There exist some differences in the microstructure and production routes 

between the three ODS steels. The temperature of the thermomechanical treatment was lower 

for the ODS3 steel, which would point to a less recovered microstructure. 
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Figure 24. a) S-parameter and b) W-parameter for the unirradiated M1 alloy and the ODS1, ODS2 

and ODS3 steels as a function of the incident positron energy.   

 

PAS DB results of the irradiated M1 model alloy are shown in Figure 25. The S-parameters of the 

M1 sample irradiated with He+ at 400 °C and 450 °C are very similar and show a similar trend as 

the S-parameter of the M1 sample irradiated at RT. A small difference is observed in the first 5 keV 

which could be attributed to surface effects. The increases in S-parameters for 400 °C and 450 °C 

irradiations, in the zone of maximum damage (Bragg peak calculated to be 160 nm), are 8 % and 

7.3 % respectively which is comparable to the change in the case of the RT irradiation (9.5 %). It 

should be pointed out that the dose in the case of He+ irradiation at 450 °C is double than in the 

case of 400 °C irradiation, hence it appears that in the zone of the maximum damage there is a 

saturation of positron traps or there is some annealing happening at 450 °C.  
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Figure 25. a) S-parameter and b) W-parameter for the M1 model alloy before and after He+ 

irradiation at RT, 400 °C and 450 °C as a function of the incident positron energy. 

Figure 26 shows PAS DB results of the ODS1 sample measured in its unirradiated state as well as 

after RT and 450 °C He+ irradiations, both to the same dose of 1016 ions/cm2. Unlike the previously 

discussed model alloy, this ODS steel shows the effect of the temperature of irradiation on the 

creation of new traps. The S-parameter of the sample irradiated at 450 °C presents a more 

pronounced maximum at 7 keV, being its value 5.2 % higher than bulk value. For the RT 

irradiation that increase was 3.7 %. It has to be taken into account that while the M1 alloy was 

almost defect free in the unirradiated state, the ODS steel already contained a high density of 

grain boundaries, dislocations, nanoparticles, that would be effective He and vacancy traps coming 

from the irradiation.  
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Figure 26. a) S-parameter and b) W-parameter for the ODS1 steel before and after He+ irradiation 

at RT and 450 °C as a function of the incident positron energy. 

The S-parameter profiles for the ODS2 and ODS3 steels irradiated at 400 °C are shown in Figure 27. 

Profiles of both irradiated S-parameters are similar to their unirradiated counterparts. The 

increase of the S-parameter in the ODS2 sample is 3.5 % while for the ODS3 one it is 2.8 %. They 

are lower than in the case of the ODS1 steel. This different behaviour presented by the ODS steels 

as compared to the model alloy would imply that there is a transition in the irradiation induced 

defects when increasing dose and temperature in the ranges 6 x 1015 – 1016 ions/cm2 and 

400-450 °C.   
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Figure 27. a) S-parameter and b) W-parameter for the ODS2 and ODS3 steels irradiated with He+ 

at 400 °C and their unirradiated counterparts as a function of the incident positron energy.  

 

Figure 28 shows the S/W plot for the M1 and ODS1 alloys before and after the 450 °C He+ 

irradiation. It appears that in the M1 sample there are no visible changes in the type of positron 

traps due to irradiation. In the case of the ODS1 steel the values measured for lower positron 

energies (that would correspond to the damaged area) seem to lie on the same line as S/W points 

corresponding to the model alloy, implying that the positron annihilation sites are not associated 

to the nanoparticles. 
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Figure 28. S/W plot for the M1 model alloy and the ODS1 steel before and after 450 °C He+ 

irradiation. 

 

The S/W plot for the three samples irradiated at 400 °C is shown in Figure 29. In the case of the 

M1 model alloy, S/W plots for irradiated and unirradiated samples are very similar suggesting that 

the type of positron traps remained similar after this He+ irradiation. Compared to the previously 

discussed M1 sample irradiated to a higher dose, at 450 °C, there is no significant difference 

noted. In the case of the ODS2 and ODS3 steels, there is no obvious trend as all S/W points seem 

to be quite grouped. 

 

 
Figure 29. S/W plot for the M1 model alloy and the ODS2 and ODS3 steels before and after 400 °C 

He+ irradiation. 
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CDB profiles for He+ irradiated samples at 400 °C are shown in Figure 30.  In the lower momentum 

region, CDB curves of all irradiated samples show an increase in open volume defects due to the 

irradiation (Figure 30b). In the higher momentum region, the profile of the irradiated M1 model 

alloy shows a similar local minimum to the one for the M1 alloy irradiated with He+ at RT. 

However, there is a clear shift in the local maximum position, it being much closer to the 

unirradiated M1 alloy than in the case of the RT irradiation that would correspond to a lower 

concentration of defects as also indicated by the S-parameter (Figure 25). This same maximum is 

observed in the irradiated ODS2 and ODS3 steels, which does not exist in their unirradiated 

counterparts. Also it is worth noting that, similar to the case of the ODS1 steel after RT He+ 

irradiation (Figure 23), there is a shift in the local minimum of the irradiated ODS2 sample with 

respect to its unirradiated counterpart. This is not the case for the ODS3 steel, where both 

irradiated and unirradiated CDB profiles have the same local minimum. Again, this could be 

related to the higher S-parameter value in ODS3. However, for both irradiated ODS samples, the 

CDB profiles exhibit a drop in the highest momentum region, similar to the irradiated M1 alloy. As 

in the case of the RT He+ irradiation, the type of positron traps would be independent of the 

nanoparticles and associated to the ferritic matrix.  

Figure 30. a) CDB ratio curves to pure Fe of all He+ irradiated samples at 400°C and b) magnified 

lower momentum portion of CDB ratio curves.  

 

 

4.5. TEM characterization of bubbles induced by intermediate temperature irradiation 

 

M1 

A series of low magnification general images of the M1 model alloy irradiated at 400 °C done in BF 

mode (Figure 31) show that there is a clear defect fringe at the depth that coincides with the 

location of the maximum damage. The Bragg peak calculated by SRIM is 160 nm and the area of 

the maximum concentration of He is 200 nm. No visible bubbles were detected at these 



96 

 

magnifications. The presence of small He bubbles was investigated at higher magnifications, in five 

regions with volumes of the order of 10-22 m3, three of which were inside the fringe, one region 

closer to the surface and one deeper into the sample. The through-focal series done for each 

region (see examples in Figure 32) confirmed the existence of a homogeneous distribution of small 

bubbles, only viewed out of focus, for four of these regions.  In the under-focused images bubbles 

appear with bright contrast, while in the over-focused they appear with a dark one. In the region 

deeper into the sample (300 nm) there were no visible bubbles. Their number density was 

estimated by counting the number of bubbles in both over-focused and under-focused images. 

The final number was then obtained by calculating the mean value. The three regions located 

inside the fringe have bubble number densities ranging from (2.8 ± 0.8) x 1023 m-3 to 

(5.7 ± 1.1) x 1023 m-3, see Table 2. Their size distribution is shown in Figure 33. The mean size of the 

measured bubbles is 1.4 ± 0.3 nm, with all of them being smaller than 2.5 nm. These results are in 

general agreement with previous reported sizes and number densities of He bubbles measured in 

an Fe14Cr alloy after He+ irradiation at 500 °C up to 6.5 x 1016 ions/cm2 were the mean size was 2.8 

nm and the number density 7.3 × 1023 m−3 respectively [17]. At this irradiation temperature there 

appears to be diffusion of He towards the surface as in the region 100 nm away from the surface 

there is a homogeneous distribution of bubbles. Their mean size is similar to the one measured in 

the regions in the vicinity of maximum concentration of He, being 1.2 ± 0.2 nm while the number 

density is lower, (2 ± 2) x 1023 m-3.   

  

 
Figure 31. Bright-field general images of the He+ irradiated M1 alloy at 400 °C showing what 

appears to be a defect fringe ranging between 150 and 240 nm of depth. The darker bottom of the 

images corresponds to the Pt layer deposited on the sample surface in the FIB process.   
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Figure 32. Through-focal series of three regions in the He+ irradiated M1 alloy at 400 °C: a)-c) a 

region outside the bubble fringe towards the surface at 100 nm from it (Pt layer marked by an 

arrow); d)-f) a region inside the bubble fringe at 200 nm from the surface (inset showing bubbles 

attached to a nanoparticle) and g)-i) a region outside the bubble fringe deeper in the sample at 

300 nm from the surface.  

  

Table 2. Number density of intermediate temperature He+ irradiation induced bubbles for the M1 

model alloy measured in the vicinity of the maximum concentration of He.  

Number density of bubbles (x 1023 m-3) 

2.8 ± 0.8 

5.7 ± 1.1 

3.4 ± 1.2 
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Figure 33. Size distribution of 173 measured bubbles in the He+ irradiated M1 alloy at 400 °C. 

 

 

ODS2  

Figure 34 shows the microstructure of the ODS2 steel after the irradiation. No clear defect fringe 

was observed in this case. This could be due to the much more complex microstructure present in 

the ODS steel, although no further studies with different orientation of the sample were 

accomplished. The presence of irradiation induced bubbles was investigated in six regions located 

in the vicinity of the maximum He concentration (200nm from the surface). Through-focal series 

of bubbles induced by the intermediate temperature He+ irradiation are shown in Figure 35. In this 

case, bubble number densities could only be measured in two volumes in the order of 10-22 m3 

being (10 ± 2) x 1023 m-3 and (11 ± 2) x 1023 m-3, the mean size of bubbles being 1.1 ± 0.2 nm with 

the maximum size measured being < 2 nm. The bubble size distribution is shown in Figure 36. 

These results are in agreement with what was previously observed by Edmondson et al in a ferritic 

ODS steel irradiated with He+ at 400°C where the mean size of bubbles was 2 ± 1 nm [18]. These 

densities are higher than what was observed for the previously discussed M1 sample at the same 

depth, while the sizes of bubbles are slightly smaller. There was no clear association between 

bubbles and nanoparticles in the studied areas, appearing homogeneously dispersed within the 

matrix. This is supported by a previous study done for a nanostructured ferritic alloy of similar 

composition, irradiated with He+ at 400 °C, in which it was found that 94 % of bubbles with mean 

size of 1.0 ± 0.6 nm were located in the ferritic matrix of the sample [19]. Still, a further study 

would be needed as the presented results, when compared to the model alloy, point to a possible 

link existing between nanoparticles and bubbles. 
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Figure 34. Bright field general image of the ODS2 steel irradiated with He+ at 400 °C. The arrow 

marks the Pt layer deposited during the sample preparation. 

 

 
Figure 35. Through-focal series of a region at the highest He concentration in the He+ irradiated 

ODS2 steel at 400 °C: a) under-focused image by 500 nm in which bubbles have bright contrast, b) 

in-focus image and c) over-focused image by 500 nm in which bubbles have a dark contrast.  

 

Table 3. Number density of high temperature He+ irradiation induced bubbles for the ODS2 steel. 

Number density of bubbles (x 1023 m-3) 

10 ± 2 

11 ± 2 
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Figure 36. Size distribution of the 141 measured bubbles in the He+ irradiated ODS2 steel at 400 °C. 

  

ODS3  

In this sample, similarly to the previously discussed ODS2 steel, there was no visible defect fringe 

induced by this irradiation, as can be seen in Figure 37. The through focal series of regions nearby 

the area of maximum He concentration are shown in Figure 38. Five different regions were 

studied, and it can be observed that in the region deeper into the sample (Figure 38 g)-i)) there are 

few visible He bubbles.  

 

Figure 37. Bright field general image of the ODS3 steel irradiated with He+ at 400 °C. The arrow 

marks the Pt layer deposited during the sample preparation. 
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Figure 38. Through-focal series of 3 regions in the He+ irradiated ODS3 steel at 400 °C: a)-c) a 

region outside the bubble fringe towards the surface at 100 nm (the arrow is marking the 

direction towards the surface); d)-f) a region inside the bubble fringe at 200 nm (inset showing 

bubbles attached to a nanoparticle)  and g)-i) a region outside the bubble fringe deeper in the 

sample at 300 nm from the surface. 

 

Number densities were measured in four different regions of the sample with volumes of the 

order of 10-22 m3 and ranging from (3.8 ± 1.3) to (12 ± 3) x 1023 m-3 in areas of maximum 

concentration of He. Table 4 shows number densities of regions in the zone of maximum 

concentration. Towards the surface of the sample, the density is also very high, being 

(10 ± 2) x 1023 m-3 Figure 38 shows some bubbles which appear to be attached to a nanoparticle 

although most of them appear to be in the matrix. The bubble size distribution is shown in 

Figure 39 being the mean size 1.2 ± 0.2 nm, maximum diameter observed being < 2 nm, similar to 
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the previously described ODS2 steel. It appears that the difference in the size and number density 

of nanoparticles found between the two ODS steels does not significantly affect the bubble size 

and number density. This agrees with the PAS results for both ODS2 and ODS3 steels after the 

intermediate temperature single He+ irradiation, where S-parameters of both irradiated samples 

are very similar.  

Table 4. Number density of high temperature He+ irradiation induced bubbles for the ODS3 steel. 

Number density of bubbles (x 1023 m-3) 

12 ± 3 

3.8 ± 1.3 

7 ± 2 

 

 

Figure 39. Size distribution of 150 measured bubbles in the He+ irradiated ODS3 alloy at 400 °C. 

  

Table 5 shows mean sizes and mean number densities (measured in the area of maximum 

concentration of He) of the three investigated alloys irradiated with He+ at 400 °C up to 

6.5 x 1015 ions/cm2. The sizes of bubbles visible by TEM are similar for the two ODS steels and 

smaller than the ones found for the model alloy. Bubble number densities are higher for the two 

ODS steels than for the model alloy, although the order of magnitude remains the same. This 

suggests that ODS steels are effective in reducing the coarsening of bubbles created under these 

irradiation conditions. These results imply that although nanoparticles appear to play a minor role 

as bubble traps (few nanoparticles were observed attached to bubbles), their presence (together 

with the overall complex microstructure of ODS steels) modifies the evolution of He and vacancies 

generated by the irradiation.  
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Table 5. Overview of the mean sizes and mean number densities of irradiation induced bubbles 

created by He+ irradiation at 400 °C.  

Sample Mean bubble size (nm) 
Mean number density of 

bubbles (x 1023 m-3) 

M1 1.4 ± 0.3 4 ± 1 

ODS2 1.1 ± 0.2 10 ± 2 

ODS3 1.2 ± 0.2 8 ± 2 

 

 

4.6. Summary 

This chapter discusses investigations regarding nanoparticle stability and irradiation induced 

defects performed in different model alloys and ODS steels after various single ion irradiations. 

The main results are presented here:  

- The stability of nanoparticles was investigated by TEM and APT techniques for the 

ODSM and ODS1 alloys irradiated with Fe+ at -80 °C. In the irradiated ODSM alloy, the 

mean size of Y rich nanoparticles is lower than the corresponding mean size in the 

non-irradiated sample as seen by TEM. Moreover, from the distribution of the sizes 

and distances between these nanoclusters investigated by APT, it can be concluded 

that the smallest nanoclusters are ballistically dissolved due to the low temperature 

irradiation. Results for the irradiated ODS1 steel show that, unlikely to the case of the 

model ODS alloy, it appears that the larger Y-Ti rich nanoclusters are being partially 

dissolved and there is a nucleation of new, smaller nanoclusters due to irradiation. 

 

- PAS and nanoindentation techniques have been applied to characterize the defects 

induced by Fe+ irradiation at -80 °C on the M2 model alloy and the ODSM and ODS1 

steels. For all the samples, the S-parameter value was higher post-irradiation, 

indicating higher concentration and/or larger vacancy clusters forming under the 

irradiation. The DB measurements showed that the S-parameter for the model alloy 

after irradiation is higher than in the case of both ODS samples, highlighting the 

impact that nanofeatures, such as Y rich nanoparticles, alongside other sources of 

positron traps (grain boundaries, dislocations, precipitates, etc.) have on reducing the 

irradiation damage. Results of the CDB showed that, unlikely to the case of the 

unirradiated ODSM alloy, the role of the Y rich nanoparticles in the annihilation of 

positrons in the irradiated ODSM sample is not so predominant. This agrees with what 

is seen with APT, i.e. larger Y rich nano-oxides coarsen by the total dissolution of 

smaller ones, thus lowering the amount of Y rich positron traps in the sample. 

Nanoindentation results did not show much difference in hardness values before and 

after Fe+ irradiation at -80 °C.  

 

- The open-volume defects induced by Fe+ irradiations at room temperature have been 

characterized by PAS. Samples investigated were two model alloys irradiated up to 

different damages (M1 to 15 dpa and M2 to 22 dpa), and one ODS steel (ODS1 to 15 
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dpa). In all cases, it appears that the number of vacancies/their size have increased 

due to Fe+ irradiations at RT. Both model alloys M1 and M2 have a similar S-parameter 

in the region of maximum damage due to irradiation, which could point to the 

saturation effect of the positron traps. The increase of S-parameters for both 

irradiated model alloys is 18 %, while for previous -80 °C Fe+ irradiation that 

difference was 21 %, both measured at the maximum, so the conclusion is that the 

temperature of these irradiations did not play a significant role and that both -80 °C 

and RT irradiations can be considered low temperature. The ODS1 steel shows a 

higher resistance to radiation damage as it was also the case after -80 °C Fe+ 

irradiation. CDB was done for M2 and ODS1 samples. In the case of the M2 model 

alloy, the chemical environment is not changing between the deformation-induced 

and irradiation-induced positron traps, while the shape of the CDB profile reflects 

annihilation of positrons in the Fe-adjacent vacancies. The CDB profile of the 

irradiated ODS1 steel suggests the existence of traps associated with the Y signal that 

do not appear in the ODSM irradiated with Fe+ at -80 °C. These results support the APT 

investigations performed on the ODSM and ODS1 alloys irradiated at -80 °C, which 

show a better stability of the Y-Ti rich nanoclusters present in the ODS1 steel. 

 

- Room temperature He+ irradiations were performed for the model M1 alloy and ODS1 

steel and have been investigated by PAS techniques. The effect of He+ irradiation is 

weaker, as compared to the Fe+, which was predicted by the SRIM calculations. The 

change is more obvious in the model alloy M1 where the difference in S-parameters 

before and after irradiation is 9.5 %, compared to 3.3 % in the case of the ODS1 

steel. CDB profiles point to some irradiation induced changes. In the case of the M1 

alloy, the high momentum portion of the CDB profile has varied, thus it appears that 

the chemical environment of open-volume traps has changed due to the He+ 

irradiation, possibly due to creation He-vacancy complexes. In the case of the 

irradiated ODS1 sample, the CDB profile undergoes a change with respect to its 

unirradiated profile and becomes identical to the profile of the irradiated M1 sample 

suggesting that in the ODS1 after irradiation positron traps are not associated with 

nanoparticles but are in the ferritic matrix.  

 

- Five samples were irradiated at intermediate temperatures with He+ ions: two M1 

model alloys and three ODS steels (ODS2 and ODS3). The characterization of these 

materials before and after irradiation was done by TEM and/or PAS. S-parameters of 

the M1 sample irradiated with He+ at 400 °C and 450 °C are very similar in the zone of 

maximum damage, despite the dose in the case of He+ irradiation at 450 °C being 

double than in the case of 400 °C irradiation. It appears that there is a saturation of 

positron traps or there is some annealing happening at 450 °C. These profiles are also 

similar to the S-parameter profile after RT He+ irradiation, showing almost no effect of 

the temperature of irradiation. This is not the case for the ODS1 sample irradiated 

with He+ at 450 °C, where there is a clear increase of the S-parameter in the zone of 

maximum damage. S-parameter profiles of both the ODS2 and ODS3 samples are very 

similar before and after He+ irradiation at 400 °C. This indicated a transition in the 

irradiation induced defects in ODS steels when increasing dose and temperature. CDB 
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profiles were obtained for M1, ODS2 and ODS3 samples irradiated at 400 °C. All three 

investigated samples after the irradiation seem to have a similar CDB profile in the 

area of high momentum. This could mean that the type of positron traps is 

independent of the nanoparticles and associated to the ferritic matrix, as it was the 

case for RT He+ irradiation. 

 

- TEM investigation of irradiation induced bubbles was done for M1, ODS2 and ODS3 

samples irradiated with He+ at 400 °C. In all three samples, small bubbles (< 2.5 nm) 

were observed.  Bubble sizes are similar for the two ODS steels and smaller than the 

ones found for the model alloy, being the visible bubble number densities higher for 

the two ODS steels. Although the majority of bubbles are observed in the ferritic 

matrix, ODS steels seem to be effective in reducing the coarsening of bubbles created 

under these irradiation conditions.  
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In this chapter, the irradiation induced changes on the microstructure of the model and ODS alloys 

subject of this thesis will be investigated after different dual ion irradiations. The chapter is divided 

into seven sections. The first section presents the irradiation conditions and SRIM simulations of the 

performed experiments. The second section analyses the stability of nanoparticles after the dual 

sequential ion irradiation. The third and fourth sections discuss the characterization of defects by 

PAS after the sequential and simultaneous dual ion irradiations, respectively. The fifth analyses the 

bubbles induced by the dual sequential irradiation and the sixth and seventh sections present the 

summary and the bibliography used in this chapter. 

Some of the results shown in this chapter have been already published in references [iv] stated in 

the Published and submitted content section. 

 

5.1. Irradiation conditions and SRIM simulations 

Sequential ion irradiations, both pre- and post-implantation of He+, are a standard approach of 

researching He effect in the candidate material for future nuclear energy applications  [1–4]. The 

dual sequential ion irradiations carried out in this thesis took place in CIEMAT and CMAM centers. 

Two different irradiations were accomplished. Some samples were first irradiated at CIEMAT with 

50 keV He+ ions at RT to a fluence of 1016 ions/cm2 and subsequently irradiated at the Standard line 

of the CMAM center with 1MeV Fe+, also at RT, to a fluence of 5.6 x 1015 ions/cm2. The implantation 

and damage profiles calculated by SRIM for this sequential irradiation are depicted in Figure 1 as a 

function of depth. The Bragg peaks are located at 160 nm from the surface for He ions and 300 nm 

in the case of Fe ions. The maximum estimated damages at the Bragg peak are 15 dpa (Fe+) and 0.5 

dpa (He+), being the maximum He concentration 8000 appm at 200 nm.  

  
Figure 1. SRIM profiles of damage and ion concentration for the He/Fe sequential dual irradiation 
for a) He+ ions and b) Fe+ ions. 

  

Other samples were irradiated with 1 MeV Fe+ ions at RT to a fluence of 8.2 x 1015 ions/cm2 at CMAM 

center and subsequently irradiated at RT with 45keV He+ ions in CIEMAT to a fluence of  

1016 ions/cm2. The implantation and damage profiles calculated by SRIM for both ions are depicted 

in Figure 2 as a function of depth. The Bragg peaks are located at 300 nm and 150 nm from the 

surface for Fe+ and He+, respectively. The maximum estimated damages at the Bragg peak are 22 dpa 

(Fe+) and 0.5 dpa (He+). The maximum He concentration (8000 appm) is located at 200 nm. 
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Figure 2. SRIM profiles of damage and ion concentration for the Fe/He sequential dual irradiation 
for a) Fe+ ions and b) He+ ions. 

 

A dual simultaneous irradiation was carried out at the JANNuS-Saclay facility. Samples were 

irradiated at 400 °C with 800 keV He+ and 3.6 MeV Fe3+ to fluences of 6.4 x 1015 ions/cm2 and 2.4 x 

1016 ions/cm2, respectively [5–7]. In this case, beam degraders were used to create a flattened 

profile within  800 nm from the sample surface. SRIM calculations of the implantation profiles and 

irradiation induced damage due to Fe3+ and He+ are shown in Figure 3a and b respectively. The 

damage and the He implanted within  800 nm from the surface are estimated to be around 30 dpa 

and 600 appm. As in principle there would be a considerable diffusion due to the temperature at 

which the irradiation was carried out, these profiles would be flattened as compared to the shown 

SRIM calculation as the temperature effects are not taken into the account by the program.  

The overview of the samples investigated, and corresponding irradiation conditions are shown in 

Table 1. 

Figure 3. SRIM calculations of a) damage profile caused by Fe ions with an inclusion showing the 
distribution of the Fe ions and b) concentration of He ions with an inclusion showing the damage 
caused by the He ions. 
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Table 1. A brief overview of irradiations discussed in this chapter. 

Irradiation 
Irradiation 

temperature (°C) 

Fluence 
(x 1015 

ions/cm2) 
dpa(Fe)/appm(He) Sample 

SEQ He/Fe RT 10(He)/ 5.6(Fe) 15/8000 M1, ODS1 

SEQ Fe/He RT 8.2(Fe)/10(He) 22/8000 M2 

SIM Fe/He 400 24(Fe)/6.4(He) 30/600 M1, ODS2, ODS3 

 

5.2. Stability of nanoparticles after dual sequential RT ion irradiation 

The stability of the secondary phases present in the ODS1 steel after the He/Fe sequential dual 

irradiation at RT has been investigated by HAADF-STEM-EDS. Microstructural analyses after the dual 

simultaneous irradiation at intermediate temperature could not be accomplished due to lack of time 

and availability of resources. 

 

ODS1 

The general microstructure of the ODS1 steel in HAADF-STEM mode appears stable after the 

sequential dual irradiation, see Figure 4a. The nanoparticle dispersion was studied in different 

regions located around 300 nm from the sample surface, see Figure 4b.  

  
Figure 4. HAADF-STEM images showing (a) the general microstructure and (b) the nanoparticle 

distribution at  300 nm from the surface present on the ODS1 steel after dual SEQ He/Fe 
irradiation at RT.    

 

The chemical composition of the secondary phases present in the ODS1 steel seems unaltered. 

Examples are shown in Figure 5 and Figure 6. Figure 5 shows EDS linescans across two nanoparticles 

having Y-Ti rich compositions, while Figure 6 depicts an EDS map of two Ti-Cr rich particles. The 

nanoparticle size distribution measured from HAADF images is presented in Figure 7. The 

nanoparticle mean size, 7 ± 4 nm, is similar to the one before irradiation (8 ± 5 nm). However, some 

irradiation induced coarsening can be intuited from the size distribution histogram. No significant 
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changes in nanoparticle number densities are detected as compared to the unirradiated steel. 

Number densities measured from HAADF images in two regions with volumes of the order of 

10-21 m3 are (1.2 ± 0.2)  × 1022 and (1.3 ± 0.3)  × 1022 m-3, similar to the ones obtained from EFTEM 

images in the unirradiated ODS1 steel that were in the range (1.2 – 3.8) × 1022 m-3. These results 

would be in agreement with the ones obtained after the single low temperature irradiation, where 

partial dissolution of the nanoparticles was observed. 

 

 
Figure 5. EDS line-scan of two Y-Ti rich nanoparticles in the ODS1 steel after dual SEQ He/Fe 
irradiation at RT: a) HAADF image b) Cr-K signal, c) Fe-K signal, d) O-K signal e) Ti-K signal, and f) 
Y-K+L signal. 
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Figure 6. EDS maps of the ODS1 steel after dual SEQ He/Fe irradiation at RT showing two Cr-Ti 
rich precipitates: a) HAADF image, b) Fe-K signal, c) Cr-K signal and d) Ti-K signal. 

 

 
Figure 7. Histogram showing the size distribution of nanoparticles in the ODS1 steel, according to 
TEM measurements a) unirradiated sample and b) sample after dual SEQ He/Fe irradiation at RT.   

 

 

5.3. Characterization of defects after dual sequential RT ion irradiation by PAS 

S and W parameters for the M1, M2 and ODS1 alloys after the sequential RT irradiations are shown 

in Figures 8, 9 and 10, together with the results obtained for single Fe+ and/or He+ ion irradiations 

at RT, discussed in the previous chapter.  

Figure 8 shows the changes in the S and W-parameters for the M1 model alloy. The S-parameter of 

the sequential He/Fe irradiation is considerably larger than the one for the single He+ irradiation,  

approaching the S value after the single Fe+ irradiation. This is consistent with the amount of 

vacancy-type defects created by the second irradiation as the damage produced by Fe ions is 

calculated to be 15 dpa, compared with the previous 0.5 dpa damage produced by the He ions. 

However, it can be seen that in the energy range 5-20 keV the S-parameter for the sequential 

irradiation is lower than for single Fe+ irradiation, with a local minimum occurring at 9 keV. That 

would suggest that the type/size of positron traps detected within this energy range (the one for 
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which He effects were evident) has changed with respect to the single Fe+ irradiation. The incident 

positron energy at the local minimum (9 keV) corresponds to a mean implantation depth of 170 

nm, which is very close to the calculated maximum He concentration depth (200 nm) as seen in 

Figure 1. While the S-parameter increase at 9 keV for the single Fe+ irradiation is 17.5 % higher than 

for the unirradiated bulk value, this difference is 13.6 % for the sequential irradiation. A possible 

explanation would be the coarsening of the pre-existing He-vacancy complexes due to the Fe+ 

irradiation, or migration of the implanted He into the newly formed open-volume defects. In any 

case, the characteristics of the He-vacancy complexes would be different than vacancy clusters 

produced by the single Fe ion irradiation.  

 
Figure 8. a) S-parameter and b) W-parameter for the well-annealed M1 model alloy before and 
after the dual SEQ He/Fe irradiation at RT as a function of incident positron energy. Results after 
single Fe+ and He+ irradiations are also given for comparison.  

 

These results are consistent with previous works. Troev et al. have calculated that the lifetime of 

positron in α-Fe containing He decreases monotonically depending on the He introduction in the 

iron vacancy-cluster [8]. This was experimentally shown by Ramachandran et al. by irradiating a 

RAFM steel with 130 keV He ions to  fluences of 5 × 1014 and 1 × 1016 ions/cm2 and isochronally 

annealing them from RT to 973 K [9]. Sabelova et al. showed that for a He+ irradiated Fe12Cr alloy 

to a fluence of 1.25 × 1018 ions/cm2 the S-parameter is higher in the zone of maximum damage 
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compared to the zone of maximum He concentration [10]. Kögler et al. observed that the S-

parameter of pure Fe after  simultaneous Fe/He irradiation is lower than in the case of a single Fe+ 

irradiation, attributing that to the presence of He in the vacancy clusters [11]. Lu et al. showed that 

for a FeCrNi austenitic steel  irradiated with He ions to fluences of the order of 1016 ions/cm2 at RT, 

He-vacancy complexes formed in zone of maximum concentration of He, which prevented the 

increase of the S-parameter at higher damage dose [12]. 

At energies > 20 keV the S-parameter of the sequential irradiation is very similar to the single Fe+ 

irradiated, with slightly lower values that could indicate the remaining contribution of the shallower 

He-related traps. At 30 keV the S-parameter of the sequential irradiation has the same value as the 

S-parameter of the single Fe+ irradiation, suggesting that at this mean depth there are no more 

detectable positron traps related to He. 

Figure 9 shows the S and W-parameters for the M2 alloy after the Fe/He dual sequential irradiation 

at RT first with Fe+ up to 22 dpa and then with He+ up to 0.5 dpa. The results for the unirradiated 

and  single Fe+ irradiated M2 alloy, along with those previously discussed for the M1 alloy after the 

He/Fe sequential irradiation are also shown. In the case of the sequential Fe/He irradiation, the S-

parameter increases with energy, plateaus at the energy between 5 and 9 keV and steadily grows 

until it reaches its maximum at an energy of 19 keV after which it starts to decrease. Compared to 

the S-parameter of the single Fe+ irradiation, the effect of the subsequent He+ irradiation can be 

clearly seen in the energy range 4-19 keV, as the S-parameter for the sequential Fe/He irradiation is 

lower. The maximum difference (11 % for single vs 5.8 % for dual sequential) is observed at about 

8 keV which corresponds to implantation depths close to the maximum implanted He depth 

estimated by SRIM. At energies above 19 keV the S-parameters of the single Fe+ and the sequential 

Fe/He irradiations are undistinguishable. These results point to all the implanted He ions being 

trapped by vacancy-type defects previously created by the Fe+ irradiation. This is also reflected by 

the higher W-parameter shown in Figure 9b. 

Figure 9 also shows how the different order of ions in sequential irradiations have profound effects 

in the defect structure developed. The S-parameters of both sequential irradiations show that the 

main changes with respect to the single Fe+ irradiation occur for energies < 20 keV, corresponding 

to the energy range where He effects were detected. The local minima for both sequential 

irradiations are located in the same region, which coincides with the maximum He implantation 

range. However, the S-parameter for the sequential Fe/He irradiation is much lower than for the 

sequential He/Fe irradiation, although the damage introduced by the Fe ions in Fe/He irradiation 

was higher. While in the He/Fe irradiation some of the He ions may have remained as interstitials 

or been trapped by impurities in the sample this is not the case for the Fe/He sequential irradiation 

where all the He ions are being trapped by the Fe+ irradiation induced open-volume defects 

increasing the electron density in the traps. This would be responsible for a considerably lower S-

parameter for the sequential Fe/He irradiation measured at energies (depths) where the implanted 

He can be detected. 
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Figure 9. a) S-parameter and b) W-parameter for the M2 model alloy before and after the dual 
SEQ Fe/He irradiation at RT as a function of incident positron energy. Results after single Fe+ 
irradiation of the M2 alloy and sequential He/Fe irradiation of the M1 alloy are also given for 
comparison.  

 

The S and W-parameter values for the ODS1 steel in unirradiated state as well as after the sequential 

He/Fe, single Fe+ and single He+ irradiations are shown in Figure 10. The sequential irradiation in the 

ODS steel induces less observable changes compared to the model alloy M1, similarly to what 

happened for the single He+ and single Fe+ irradiations. The S-parameter values for the sequential 

irradiation are very similar to the ones measured for the single Fe+ irradiation (a maximum increase 

of6 % with respect to the bulk of the unirradiated), although they seem to be slightly lower in the 

energy range 4-16 keV. This could be attributed to the association of the open-volume defects with 

the implanted He ions. However, unlike in the previously discussed model alloys, this difference is 

quite small and the S-parameter in the case of the ODS1 sample does not show a clear local 

minimum around the depth of maximum implanted He. As previously discussed in the Chapter 4, 

the small homogeneously dispersed Y-Ti nanoparticles present in the ODS1 steel would inhibit the 

growth of vacancy clusters, thus lowering the percentage increase of S-parameter values after the 

single Fe+ irradiation compared to the model alloy (6% in ODS1 compared to 18 % in M1). In the 

sequential irradiation, the effect of the implanted He followed by the Fe+ irradiation is similar to the 
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one observed in the model alloys, decreasing the annihilations with low momentum electrons in the 

energy range where He effects could be detected. This suggests that similarly to what occurred for 

the sequential irradiation in the M1 model alloy, He tends to associate with open-volume defects 

created or enlarged by the Fe+ irradiation, albeit the effect is not as visible due to irradiation induced 

damage being much lower in the ODS steel.  

 
Figure 10. Doppler Broadening results for ODS1 steel before and after the sequential He/Fe 
irradiation at RT. Results after single Fe+ and He+ irradiations are also given for comparison. a) S-
parameter and b) W-parameter. 

 

Figure 11 shows the S/W plot for the M1 and M2 model alloys and the ODS1 steel after both 

sequential irradiations along with their unirradiated counterparts. The S/W points corresponding to 

irradiated alloys follow the same trend as those for unirradiated samples. No clear effect of He-

vacancy complexes was observed. This agrees with the results obtained for single He+ irradiation, 

discussed in Chapter 4. 
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Figure 11. S/W plot for the M1 and M2 model alloys and the ODS1 steel before and after their 
respective sequential irradiations. 

 

5.4. Characterization of defects after dual simultaneous intermediate temperature ion irradiation 

by PAS 

Figure 12 and Figure 13 show the S and W-parameters after simultaneous irradiation with He+ and 

Fe3+ at 400 °C for the M1 model alloy (Figure 12) and the ODS2 and ODS3 steels (Figure 13) together 

with their unirradiated counterparts.  

For the M1 model alloy, the profile of the S-parameter is almost independent of the incident 

positron energy. The maximum difference with respect to the bulk value is 5 % measured at 19 keV. 

This agrees with the homogeneous distribution of open-volume defects introduced by the 

simultaneous irradiation done with beam degrader, Figure 3. For energies < 7 keV the S-parameter 

values are lower than the ones measured in the unirradiated, well-annealed sample. This behaviour 

is similar to that of the unirradiated ODS samples and it is attributed to the presence of defects 

(introduced by the irradiation in the case of the M1 alloy) that reduce the positron diffusion length, 

lowering the amount of positrons that could back diffuse to the surface and annihilate there.  

Comparing with the single Fe+ irradiations done at RT the increase of the S-parameter is much lower 

(18 % in the case of RT) although the damage in the simultaneous irradiation is double and more 

homogeneously distributed. This result would account for the higher temperature of irradiation. 

The S-parameter values measured at the shallower region are lower than the ones measured for 

the single He+ irradiation done at 400 °C (Chapter 4, Figure 24). It has to be noted that these results 

are difficult to compare as while the total amount of He ions injected is the same, the distribution 

profile is very different (Figure 1 and Figure 3). In the case of simultaneous irradiation, He is 

distributed more or less uniformly through the first 1.6 m in the sample with an average 

concentration of 600 appm, while the single He+ irradiation profile shows ions being implanted in 

the first 300 nm with the maximum concentration being 8000 appm at 200 nm. Figure 13 shows S 

and W-parameters for the ODS2 and ODS3 steels after the simultaneous irradiation at 400 °C. For 
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both irradiated samples profiles of S-parameters are very close to their respective unirradiated 

counterparts and do not depend on the incident positron energy, as it was the case in the previously 

discussed model alloy. The maximum increase of S-parameters for the ODS2 and ODS3 steels 

measured at 19 keV and 20keV are only 2 % and 3 % respectively.  

 
Figure 12. a) S-parameter and b) W-parameter for M1 model alloy before and after the SIM He/Fe 
irradiation at 400 °C as a function of incident positron energy. 

 

A possible explanation for these results would be the entrapment of all injected He ions in the open-

volume defects simultaneously created by Fe+ irradiation. Kögler et al. observed that for an ODS 

FeCrAl steel, the S-parameter after simultaneous Fe/He irradiation at 300 °C was lower than for its 

unirradiated counterpart at the surface [13]. This was also observed in sequential irradiations when 

the order of implanted ions was reversed. In particular, the S-parameter value after the sequential 

Fe/He irradiation of the M2 alloy done at RT did not increase with respect to the unirradiated alloy 

for energies < 9 keV. Another possibility would be that the enhanced mobility of vacancies and 

interstitials at this temperature promotes their recombination and/or interaction with other defect 

sinks [14]. 
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Figure 13. a) S-parameter and b) W-parameter for ODS2 and ODS3 steels before and after the SIM 
He/Fe irradiation at 400 °C as a function of incident positron energy. 

 

Figure 14 shows the S/W plot for the M1, ODS2 and ODS3 alloys after simultaneous irradiation at 

400 °C. As it was the case for the single and sequential irradiations, this plot does not show 

significant changes that could point to different positron traps.  
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Figure 14. S/W plot for the M1, ODS2 and ODS3 alloys before and after SIM He/Fe irradiation at 
400°C.  

 

The CDB ratios with respect to pure annealed Fe measured at 19 keV for the simultaneously 

irradiated M1, ODS2 and ODS3 alloys are shown in Figure 15. The lower momentum region shows 

higher ratios than their unirradiated counterparts, corresponding to the presence of irradiation 

induced open-volume defects. The shape of the CDB curve for the simultaneously irradiated M1 

alloy is very similar to the one measured for the single Fe+ irradiated sample while showing no 

resemblance to the one measured for the single He+ irradiated sample. This points to positron traps 

not being related to He or the different nature of the He-vacancy complexes created by the 

simultaneous dual irradiation. The same occurs in the case of both ODS steels. While the ratios for 

irradiated samples go deeper than the unirradiated ones, the shape remains the same. This was also 

observed after the triple ion irradiation at 600 °C [15]. Further TEM studies would be needed to 

check the presence of bubbles after this simultaneous irradiation, which may help to elucidate this 

point. 
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Figure 15. a) CDB ratio curves to pure Fe of all samples before and after SIM He/Fe irradiation at 
400 °C and b) magnified lower momentum portion of CDB ratio curves. 
 

 

5.5. TEM characterization of bubbles induced by dual sequential irradiation 

The characterization of irradiation induced bubbles has been carried out after the He/Fe sequential 

dual irradiation at RT. 

M1 

The general microstructure of the irradiated model alloy M1 shows the presence of black dots 

distributed throughout the sample (Figure 16). These black dots would be consequence of the FIB 

sample preparation. A defect fringe was not observed in this case, which may be due to the sample 

orientation. No evidence of large bubbles was found in the irradiated model alloy. The presence of 

small (< 2 nm) bubbles was investigated using a through-focal technique in five different regions 

with volumes in the order of 10-23 m3. Three of them were centred at 200 nm from the surface 

(maximum of the He implantation profile estimated by SRIM). The fourth region was closer to the 

surface, centred at 100 nm and the fifth one was centred deeper into the sample, at 300 nm, see 

Figure 17. The number densities of bubbles estimated for regions close to the zone of maximum He 

concentration are shown in Table 2. Around the zone of the maximum He concentration it ranges 

from (10 ± 2) to (17 ± 3) x 1023 m-3 and closer to the surface it is calculated to be (10 ± 2) x 1023 m-3. 

In the region furthest away from the surface, number density of bubbles is (10 ± 2) x 1023 m-3.  It can 

be seen that the number density of bubbles (or voids) at 300 nm away from the surface is still 

large, which was not the case for single He+ irradiations discussed in the Chapter 4. This is attributed 

to the fact that Fe+ irradiation has a Bragg peak at 300 nm, according to SRIM calculations 

(Figure 1), thus creating a large amount of vacancies that could coalesce or act as points of He 

bubble nucleation at that zone. The size of the bubbles was measured in the three regions centred 

at 200 nm from the surface. Figure 18 shows the size distribution of these small bubbles, which 

are < 2 nm having mean sizes of 1.2 ± 0.3 nm. This mean size is comparable to what was observed 
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for Fe5%Cr irradiated with 100 dpa Fe+ and 2500 appm He+ at 500 °C [16]. The measured sizes are 

also comparable to the ones found for a Eurofer steel irradiated with Fe3+ and He+ at 330 °C to a 

dose of 26 dpa and 450 appm, respectively, where the mean bubble size was 1.3 nm, being the 

bubble number density slightly lower (2 x 1023 m-3) [17]. The bubble sizes are lower, and the bubble 

number densities higher after this dual sequential He/Fe irradiation when compared to results 

obtained from the M1 model alloy irradiated with He+ ions at 400 °C, discussed in Chapter 4. This 

could be related to the lower irradiation temperature and larger concentration of the He+ ions 

introduced by the dual irradiation, along with the larger amount of vacancy-type defects induced by 

the irradiation. 

 
Figure 16. General BF image of the FIB-ed M1 alloy after SEQ He/Fe ion irradiation at RT. 
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Figure 17. Through-focal series of three regions in the M1 alloy after SEQ He/Fe ion irradiation at 

RT: a)-c) a region 100 nm away from the surface (arrow pointing in the direction towards the 

surface), d)-f) a region inside the bubble fringe, 200 nm away from the surface  and g)-i) a region 

300 nm away from the surface where a clear bubble density gradient can be observed.  
 

Table 2. Number densities of bubbles of investigated regions near the maximum of He 
concentration, of the M1 steel after SEQ He/Fe ion irradiation at RT. 
 

Number density 
(x 1023 m-3) 

10 ± 2 

17 ± 3 

10 ± 2 
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Figure 18. Size distribution of 200 bubbles measured in M1 alloy after SEQ He/Fe ion irradiation 
at RT. 

 

ODS1  

Figure 19 shows a general image of the microstructure of the ODS steel irradiated under these 

conditions where it appears that there are no microstructural changes observed. No defect or 

bubble fringe was observed at these low magnifications and under these orientation conditions. 

However, after tilting the FIB sample by an angle of 10 (see Figure 20), a defect fringe is clearly 

observed. This proves how sensitive the orientation conditions are in revealing the presence of the 

defect fringe, as expected. At higher magnifications, small bubbles (< 2 nm) are observed. These 

bubbles were investigated in five different regions having volumes of the order of 10-23 m3; three in 

the zone of maximum He concentration (around 200 nm as calculated by the SRIM) one closer to 

the surface and one in the zone of maximum damage (300nm). Similar to the case of the model 

alloy, close to the surface, at 100 nm (Figure 21 a) to c)) bubbles appear homogeneous, hinting to 

the diffusion of He towards the surface of the sample.  At the location of maximum He 

concentration, the bubbles are uniformly dispersed throughout the matrix, as can be seen in Figure 

21 d) to f). In the region further into the sample (300nm) bubbles are still observed but a bubble 

gradient is noticed, Figure 21 g) to i).  

Some of the bubbles were found attached to nanoparticles although most of them are dispersed in 

the matrix. Number densities were calculated and for the region of maximum He concentrations are 

presented in Table 3. Around the zone of the maximum He concentration it ranges from (7.2 ± 1.4) 

to (11 ± 2) x 1023 m-3 and closer to the surface it is calculated to be (11 ± 2) x 1023 m-3. Similarly to 

what was observed in the model alloy, there is a high density of bubbles in the region furthest away 

from the surface (where the Bragg peak is located) being (7 ± 2) x 1023 m-3. Sizes of bubbles were 

measured in regions around the maximum He concentration. Their size distribution is shown in 

Figure 22, mean size being 1.2 ± 0.2 nm.  This mean size is similar to the one observed for the model 

alloy M1 irradiated under same conditions. The number density in the region of maximum He 

concentration appears to be lower for this sample than for the model alloy. This could be due to the 

sizes of bubbles being below the detection limit, hence the number density would appear to be 

lower. This behaviour was also observed by Lu et al. after a single He+ irradiation at 400 °C to a 

fluence of 1 x 1017 ions/cm2 of 14CrODS steel and EUROFER 97 steel [18].  
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Figure 19. General BF image of the ODS1 steel after SEQ He/Fe ion irradiation at RT. 

 

 
Figure 20. General BF image of the ODS1 steel after SEQ He/Fe ion irradiation at RT after tilting 

by 10. 
 

 

  

200 nm200 nm
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Table 3. Bubble number densities of regions 200 nm away from the surface of the ODS1 steel after 
SEQ He/Fe ion irradiation at RT. 
 

Number density 
(x 1023 m-3) 

7.2 ± 1.4 

11 ± 2 

8 ± 2 

 
 

 
Figure 21. Through-focal series of three regions in the SEQ He/Fe irradiated ODS1 alloy: a)-c) a 

region 100 nm away from the surface (arrow pointing in the direction towards the surface), d)-

f) a region inside the bubble fringe, 200 nm away from the surface (inset showing bubbles 

attached to a nanoparticle) and g)-i) a region 300 nm away from the surface. 
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Figure 22. Size distribution of 200 bubbles measured in the irradiated ODS1 steel. 

 
 

5.6. Summary 

In this chapter the effects of two sequential dual irradiations performed at RT with different ions 

sequences and a simultaneous dual irradiation performed at 400 °C were investigated by  PAS and 

TEM. The results are summarized below: 

- The stability of nanoparticles in the ODS1 steel was investigated by TEM after the SEQ He/Fe 

irradiation at RT. While the chemical composition of the particles appears unaltered, results 

point to some coarsening of nanoparticles while their number density remains similar 

suggesting partial dissolution of the smaller ones. 

 

-  The DB PAS investigations performed on the M1 model alloy after the SEQ He/Fe irradiation 

at RT suggest association of He with the newly formed vacancy-type defects introduced by 

the subsequent Fe+ irradiation either by coarsening of the He-vacancy complexes or 

migration of pre-implanted He atoms.  

 

- DB PAS investigations performed on the model alloys also show that the different sequence 

of ions in the sequential dual irradiations has a large effect on the defect structures 

developed. It appears that while for pre-irradiation with He+, some He ions may have 

remained as interstitials or trapped by impurities, in the case of post-irradiation, all He ions 

are trapped by the open volume defects previously introduced by the Fe+ irradiation.  

 

- In the case of the ODS1 steel after the SEQ He/Fe irradiation at RT, the He trapping effect in 

the newly formed open-volume defects is still present, although not as visible compared to 

model alloys probably due to the initial complex defect structure in this material.  

 

- The DB PAS investigations accomplished on the M1 model alloy after the SIM He/Fe 

irradiation at 400 °C suggest a possible entrapment of all injected He ions into the open-

volume defects simultaneously created by the Fe3+ irradiation. This may also be a 

consequence of the enhanced mobility of vacancies and interstitials due to the intermediate 

temperature of the irradiation, promoting their recombination. The ODS2 and ODS3 steels 
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behave similarly to the model alloy after this irradiation. The CDB profiles for these three 

samples show that there is no clear relation between positron traps and He. 

 

- TEM investigations of irradiation induced bubbles after RT SEQ He/Fe irradiation were 

performed on the M1 and ODS1 alloys. Although for these irradiation conditions visible 

bubble sizes are similar for the ODS1 steel compared to the M1 model alloy (< 2 nm), the 

lower visible number density measured for the ODS1 steel as compared to the M1 alloy 

would point to bubbles being below the detection limit in the ODS steel, in agreement with 

the lower irradiation temperature (RT) as compared to the single He+ irradiation (400 °C). 
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In this chapter, the irradiation induced changes on the microstructure of the ODSM and ODS1 

materials will be investigated after triple simultaneous high temperature ion irradiation. The 

chapter is divided into sex sections. The first section presents the irradiation conditions and SRIM 

simulations of the damage and ion concentrations. The second section discusses the stability of 

nanoparticles, which has been investigated by TEM and APT. The third and the fourth section 

investigate the irradiation induced damage. The fifth section is a brief overview and summary of the 

results and the sixth section presents the bibliography of the chapter. 

Some of the results shown in this chapter have been already published in references [i, ii] stated in 

the Published and submitted content section. 

 

6.1. Irradiation conditions and SRIM simulations 

The simultaneous triple-ion irradiation was performed at the JANNuS-Saclay facility in France. 

Samples were irradiated at 600 °C with 14 MeV Fe5+, 500 keV H+ and 1.6 MeV He+ to fluences of 

1.49 × 1016 ions/cm2, 3.55 × 1015 ions/cm2 and 1.4 × 1015 ions/cm2, respectively. These conditions 

were specifically chosen to achieve the main damage (Fe Bragg peak) at the same depth than the 

maxima of the He and H implantations, which for this irradiation were located at 2.4 μm. The 

damage and implantation profiles are depicted in Figure 1. The location of the Bragg peak was 

limited by the minimum implantation energy of the H+ [1]. The ODS steels subjected to this 

irradiation were ODSM and ODS1.  

Figure 1. SRIM calculations of damage and ion concentration profiles of Fe, H and He ions. 

 

6.2. Stability of nanoparticles 

ODSM 

Possible changes in the general microstructure of this ODS alloy as a consequence of irradiation 

were investigated by cross-sectional FIB 3D slicing of the sample post irradiation. It appears that 

there are no significant changes in the microstructure, as can be seen in Figure 2a. The prepared FIB 

sample of the irradiated ODSM alloy can be seen in Figure 2b. 
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Figure 2. a) SEM 3D slicing image showing the grain structure of the triple-ion irradiated ODSM 

sample taken during the FIB preparation and b) finished FIB sample mounted onto the holder. 

  

Figure 3 presents EFTEM maps of a region near the Bragg peak. They suggest that the chemical 

composition of the secondary phases is similar to that of the unirradiated ODSM. Larger particles 

are Cr rich, while nanoparticles remain Y rich (some of them containing Cr). The mean size of the 

nanoparticles remains very similar to the unirradiated one, 8 ± 4 nm. However, from the TEM size 

distributions of the nanoparticles in the unirradiated and irradiated ODSM alloy, which can be seen 

in Figure 4a and b respectively, it seems that there is a lower number of particles with sizes < 5nm 

post irradiation. This points to possible coarsening of larger particles on the account of dissolution 

of smaller ones. The number density of particles investigated by TEM are one order of magnitude 

lower than those measured on the unirradiated alloy, ranging from (1.8 ± 0.4) × 1021 m−3 to 

(3.2 ± 0.6) × 1021 m−3 (Table 1). The volumes measured were of the order of 10-20 m3. 

 
Figure 3. EFTEM maps of the triple-ion irradiated ODSM alloy. a) elastic image, b) Y-N map, c) Fe-

M map, d) Cr-M map. 
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Figure 4. Size distribution of nanoparticles in the a) unirradiated and b) irradiated ODSM alloy 

measured by TEM. (120 measured nanoparticles in the irradiated sample) 

 

Table 1. Number density of nanoparticles measured by TEM in the irradiated ODSM alloy. 

Number density of particles (m-3) 

(1.8 ± 0.4)  x 1021 

(2.9 ± 0.6)  x 1021 

(3.2 ± 0.6)  x 1021 

 

3D APT reconstruction of this sample post irradiation, shown in Figure 5a, reveals Y, Y-O and Cr-O 

rich clusters. From the aspect ratio vs oblateness for the irradiated sample, shown in Figure 5b, it 

was observed that there are more disc-shaped clusters post-irradiation when compared to the 

unirradiated sample (Chapter 3, Figure 7b). However, it should be taken into the account that the 

statistics for this sample is lower than for its non-irradiated counterpart, with only one reliable data-

set analysed.   
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Figure 5. a) Reconstructed Y, Y-O and Cr-O 3D ion maps b) analysis of cluster morphology of 38 

measured nanoclusters in the irradiated ODSM sample. 

 

APT analyses of the size distribution and distance between nanoclusters pre and post irradiation are 

shown in Figure 6. The size distribution histogram and the mean Guinier diameter of the measured 

nanoclusters point to a slight growth of particles post-irradiation (4 ± 2 nm compared to 2.6 ± 0.9 

nm for the unirradiated alloy). Cluster distances for both unirradiated and irradiated ODSM samples 

are shown in Figure 6a and Figure 6b, respectively. After the irradiation the mean distance between 

clusters is 14 ± 4 nm and the number density is (3.00 ± 0.11) x 1023 m-3 compared to 8 ± 3 nm and 

(1.43 ± 0.14) x 1024 m-3 respectively in the case of the unirradiated sample. These results confirm 

the coarsening of larger clusters post-irradiation at the expense of complete dissolution of smaller 

ones, also in agreement with the TEM results.  
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Figure 6. APT measured size distribution of nanoclusters and distances between clusters a) and c) 

unirradiated and b) and d) triple irradiated ODSM sample, respectively. 

 

ODS1 

The general microstructure of the ODS1 steel also seems to stay similar post-irradiation, see Figure 

7a.  The finished, mounted on a Cu grid for TEM, FIB sample is shown in Figure 7b.  

The chemical composition of Y-Ti nanoparticles appeared to remain the same (Figure 8a-d), 

according to the EFTEM investigations. The mean size of Y-Ti rich nanoparticles was recorded to be 

10 ± 4 nm (compared to 8 ± 5nm in the unirradiated sample) while the size distributions of the 

sample before and after irradiation, shown in Figure 9a and b respectively, once again suggest the 

slight coarsening of nanoparticles with sizes smaller than 5nm. Particle number densities were 

calculated for five regions with volumes of the order of 10-20 m3 and are lower than those for the 

unirradiated sample, ranging from (3.5 ± 0.7) ×1021 m−3 to (6.9 ± 1.4) ×1021 m−3, see Table 1.  
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Figure 7. a) SEM 3D slicing image showing the grain structure of the triple irradiated ODS1 steel 

taken during FIB preparation and b) finished FIB sample mounted onto the holder. 

 

  

 
Figure 8. EFTEM maps of the triple irradiated ODS1 steel a) elastic image, b) Fe-M map c) Cr-M 

map, d) W-N+O map, e) Ti-M map and f) Y-N map. 
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Figure 9. Size distribution of nanoparticles in the a) unirradiated and b) irradiated ODSM alloy 

measured by TEM. (160 measured nanoparticles in the irradiated sample) 

 

Table 2. Number density of nanoparticles measured by TEM in the triple ion irradiated ODS1 

steel. 

 

Number density of particles (m-3) 

(3.5 ± 0.7) x 1021 

(4.0 ± 0.8) x 1021 

(4.3 ± 0.9) x 1021 

(5.8 ± 1.1) x 1021 

(6.9 ± 1.4)  x 1021 
 

 

3D APT reconstructions showing Y-Ti-O nanoclusters and their morphology are presented in Figure 

10a and b. It can be seen that majority of clusters are spherical, although the amount of disc shaped 

clusters has doubled compared to the unirradiated sample. APT results show that the average size 

of nanoclusters after the irradiation is 2.5 ± 1.0 nm  (compared to 2.9 ± 1.1 nm before irradiation). 

The size distributions before and after triple beam irradiation are shown in Figure 11a and b 

respectively. The slight reduction of mean nanocluster size further supports the TEM observations 

of larger nanoclusters coarsening at the expense of smaller ones. Number densities of nanoclusters 

measured by APT range from (1.6 ± 0.3) × 1023 m−3 to (1.9 ± 0.4) × 1024 m−3 and have remained similar 

to the unirradiated sample ((3.4 ± 0.7) × 1023 m−3 and (1.0 ± 0.2) × 1024 m−3). According to the 

distribution of the distance between nanoclusters which is shown in Figure 11c and d, it appears 

that the nanocluster distance does not change compared to the unirradiated sample. The mean 

value is 9 ± 4 nm in the case of the triple ion irradiated sample (compared to 9 ± 3 nm for the 

unirradiated one), implying that even if the size of the smaller nanoparticles has decreased during 

the irradiation, they do not completely disappear as it appears to be the case for the ODSM sample. 

These results obtained by APT could explain the lower number density of nanoparticles and larger 

mean size measured by TEM post-irradiation as smallest nanoclusters may now be below TEM 

resolution.  
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Figure 10. a) Reconstructed 3D ion maps b) analysis of cluster morphology of 495 measured 

nanoclusters in the irradiated ODS1 sample. 
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Figure 11. APT measured size distribution of nanoclusters and distances between clusters a) and 

c) unirradiated and b) and d) triple irradiated ODS1 steels, respectively. 

 

 

6.3. Characterization of defects  

As part of this thesis, the irradiation induced damage on the ODSM and ODS1 alloys has been 

characterized by TEM and nanoindentation. These results are compared with PAS DB and CDB 

investigations of these ODS steels previously reported by Parente et al. in [2]. Figure 12 shows the 

S and W-parameter profiles published in that work. The S-parameter curves of both samples post-

irradiation for positron energies > 5 keV are depth independent indicating a homogeneous 

concentration of positron traps. In both cases values of the S-parameters are lower than the 

corresponding values for their unirradiated counterparts, suggesting either recovery of the pre-

existing and irradiation induced defects promoted by the high irradiation temperature, or the 

development of gas bubbles in pre-existing vacancy-type defects, thus lowering S-parameters for 

both irradiated ODSM and ODS1 alloys. From the results of the S-parameter, the study also 

concluded that there is a higher damage recovery in the ODS1 steel during the high temperature 

triple irradiation brought by the existence of Y-Ti rich nanofeatures that would promote enhanced 

recombination of vacancies and interstitials [3–5]. This agrees with the present APT analyses that 

show that the density of Y-Ti rich nanoclusters in the ODS1 steel after irradiation is higher than the 

density of Y rich nanoclusters in the ODSM alloy after irradiation. Hence, ODS1 steel is appearing to 

be more radiation resistant. 
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Figure 12. Doppler Broadening results for the ODSM and ODS1 alloys before and after high 

temperature triple ion irradiation. a) S-parameter and b) W-parameter. Adapted from [2]. 
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Nanoindentation 

The results of nanoindentation experiments for both ODSM and ODS1 alloys in their unirradiated 

and irradiated states are presented in Figure 13. No significant changes in modulus post irradiation 

are found in any of the alloys (Figure 13a and c respectively).  

There appears to be no hardening, which is in agreement with previously discussed PAS results 

published by Parente et al. [2]. The results of a 19Cr ODS steel irradiated with Fe and He ions at 

500 °C to 20 dpa and 300 appm respectively, also show no change in the hardening due to the 

irradiation [6]. Hardness values of the irradiated ODSM alloy are below those for the unirradiated 

sample for the first 700 nm, after which they are very similar. In the case of the ODS1 steel, hardness 

values are below those for the unirradiated sample for the entire measured depth range. This 

suggests more recovery due to annealing as compared to the model ODS alloy, also in agreement 

with what was seen by APT within this thesis and PAS DB by Parente et al. [2].  However, all of these 

changes are very subtle and lie within the errors of measurements.  

Figure 13. Nanoindentation results for both ODS alloys before and after high temperature triple 

irradiation a) modulus and b) hardness profiles for the ODSM alloy and c) modulus and d) 

hardness profiles for the ODS1 steel. 
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6.4. TEM characterization of bubbles induced by the high temperature triple ion irradiation 

In this work, the presence of gas bubbles was investigated using BF-TEM. No large bubbles were 

detected in the ODS steels. Through-focal series performed on the two materials show the presence 

of small (< 5 nm) irradiation induced bubbles, see Figure 14 and Figure 15. These bubbles are 

distributed either throughout the matrix or  attached to the particles, being the majority of them 

below 4 nm in size. These sizes are in agreement with previous studies of ODS Fe–12Cr steels 

simultaneously irradiated at 510 °C with Fe3+ to 50 dpa, He+ to 500 appm and H+ to 2000 appm 

(bubbles < 10 nm), and at 650 °C with Fe+ to 50 dpa, He+ to 260 appm (bubbles < 2 nm) [7,8]. From 

the visible bubble size distribution shown in Figure 16, it appears that the bubbles may be slightly 

smaller in the ODS1 steel than in the ODSM alloy, being their mean sizes of bubbles 2.1 ± 0.7 nm 

and 2.3 ± 0.5 nm, respectively. Although no density measurements could be accomplished in this 

case, these results would agree with the previously published PAS interpretation and with the 

observations carried out within this thesis. The higher density of nanoclusters in the irradiated ODS1 

steel would promote the refinement of irradiation induced bubbles.  

Figure 14. Through-focal series of irradiation induced bubbles in the ODSM alloy. a) Under-

focused by 1 μm b) in focus and c) over-focused by 1 μm. Arrows are marking several observed 

bubbles. 

  

Figure 15. Through-focal series of irradiation induced bubbles in the ODS1 steel. a) Under-focused 

by 1 μm b) in focus and c) over-focused by 1 μm. Arrows are marking several observed bubbles. 

The inset is showing a bubble associated with a nanoparticle. 
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Figure 16. Size distribution of irradiation induced bubbles in a) ODSM and b) ODS1 alloys after 

high temperature triple ion irradiation. In each sample, 120 bubbles were measured. 

 

 

6.5. Summary 

In this chapter, the ODSM and ODS1 alloys were investigated after simultaneous high temperature 

triple-ion irradiation using TEM, APT, nanoindentation and PAS. The following conclusions were 

drawn:  

- Coarsening of smaller nanoparticles post-irradiation and a decrease in nanoparticle number 

densities was observed by TEM in both ODS steels, while the chemical composition 

remained the same. This suggests that larger nanoparticles grow at the expense of smaller 

ones. 

 

- In the ODSM alloy, APT investigations conclude that there is a slight coarsening of 

nanoclusters, in agreement with TEM results, with distances between them increasing post 

irradiation and their number density lowering. It appears that the smallest nanoclusters 

(< 2 nm) are being completely dissolved under the present irradiation conditions. 

 

- Unlike the model ODS alloy, nanoclusters in the ODS1 steel seem to be more stable under 

the high temperature triple-ion irradiation. The dissolution of nanoclusters in the case of 

this sample was not complete, as evidenced by distance and number density that have 

remained similar after the irradiation, which is attributed to the healing properties of Ti as 

an alloying element .  

 

- For both ODS alloys nanoindentation experiments show no irradiation induced hardening, 

presenting very subtle differences with respect to the unirradiated alloys that would point 

towards some recovery in the irradiated ODS1 sample.  

- Both alloys have developed small (< 4 nm) irradiation induced bubbles consistent with 

previous studies. Bubble sizes appear to be slightly smaller for the ODS1 steel, in agreement 

with a higher refinement induced by the Y-Ti rich nanoclusters. 



146 

 

 

6.6. Bibliography  

[1] J.P. Biersack, J.F. Ziegler, The Stopping and Range of Ions in Solids, Pergamon, New York, 

1982. doi:10.1007/978-3-642-68779-2_5. 

[2] P. Parente, T. Leguey, V. De Castro, T. Gigl, M. Reiner, C. Hugenschmidt, R. Pareja, 

Characterization of ion-irradiated ODS Fe-Cr alloys by doppler broadening spectroscopy 

using a positron beam, J. Nucl. Mater. 464 (2015) 140–146. 

doi:10.1016/j.jnucmat.2015.04.033. 

[3] G.R. Odette, M.J. Alinger, B.D. Wirth, Recent Developments in Irradiation-Resistant Steels, 

Annu. Rev. Mater. Res. 38 (2008) 471–503. doi:10.1146/annurev.matsci.38.060407.130315. 

[4] T. Yamamoto, N. Hashimoto, H. Tanigawa, R.J. Kurtz, The transport and fate of helium in 

nanostructured ferritic alloys at fusion relevant He / dpa ratios and dpa rates, 370 (2007) 

399–410. doi:10.1016/j.jnucmat.2007.03.047. 

[5] M.J. Alinger, S.C. Glade, B.D. Wirth, G.R. Odette, T. Toyama, Y. Nagai, M. Hasegawa, Positron 

annihilation characterization of nanostructured ferritic alloys, 518 (2009) 150–157. 

doi:10.1016/j.msea.2009.04.040. 

[6] H. Kishimoto, K. Yutani, R. Kasada, A. Kimura, Helium cavity formation research on oxide 

dispersed strengthening (ODS) ferritic steels utilizing dual-ion irradiation facility, Fusion Eng. 

Des. 81 (2006) 1045–1049. doi:10.1016/j.fusengdes.2005.09.049. 

[7] T. Tanaka, K. Oka, S. Ohnuki, S. Yamashita, T. Suda, S. Watanabe, E. Wakai, Synergistic effect 

of helium and hydrogen for defect evolution under multi-ion irradiation of Fe-Cr ferritic 

alloys, J. Nucl. Mater. 329–333 (2004) 294–298. doi:10.1016/j.jnucmat.2004.04.051. 

[8] I.-S. Kim, J.. Hunn, N. Hashimoto, D.. Larson, P.. Maziasz, K. Miyahara, E.. Lee, Defect and void 

evolution in oxide dispersion strengthened ferritic steels under 3.2 MeV Fe+ ion irradiation 

with simultaneous helium injection, J. Nucl. Mater. 280 (2000) 264–274. doi:10.1016/S0022-

3115(00)00066-0. 

 





 

 

 

 

  



148 

 

In this work two Fe-14Cr model alloys and four ODS Fe-14Cr-(2W-(0.3-0.4)Ti) steels were 

subjected to single (Fe+ and He+), sequential dual (Fe+, He+), simultaneous dual (Fe3+, He+) 

and simultaneous triple (Fe5+, He+, H+) irradiations at low (-80 °C and RT), intermediate (400 

and 450 °C) and high (600 °C) temperatures to doses ranging from 0.3 to 30 dpa. The main 

findings are summarized below: 

- The grain structure and secondary phase distribution of all the alloys has been 

characterised in the unirradiated state. The Fe-14Cr model alloys show large 

equiaxed grains (15-400 m) free of dislocations. The highest purity alloy shows no 

secondary phases while the other one contains Cr oxides (1-8 µm) being their 

interparticle distance > 5 µm. The ODS steels have a much complex microstructure 

with submicron and micron sized grains and a high density of dislocations. Large Cr-

(W) carbides < 2 µm and Cr-(Ti) oxides < 500 nm are observed in all the alloys, along 

with a < 30 nm homogeneous dispersion of mostly spherical Y rich nano-oxides in 

the case of the ODS alloy with no Ti addition or Y-Ti rich nanoparticles in the rest of 

the ODS steels. 

 

- The stability of nanoparticles has been studied after single Fe+ irradiation at -80 °C 

to 15 dpa, sequential dual ion irradiation at RT to 15 dpa and simultaneous triple ion 

irradiation at 600 °C to 30 dpa. TEM and APT investigations show that nanoparticles 

are quite stable after these irradiation conditions, although some changes have 

been observed. Qualitatively, their chemical compositions are not altered.  

However, there are slight differences in their morphologies and sizes. In all the 

studied conditions the amount of disc-shaped nanoparticles increases after the 

irradiations. For the ODS alloy without Ti addition there is total dissolution of the 

smallest Y rich nanoparticles after the low and high temperature irradiations, while 

for the ODS with Ti addition Y-Ti rich nanoparticles are more stable in agreement 

with PAS investigations. After single irradiation at low temperature, partial 

dissolution with nucleation of new nanoclusters occurs while after triple 

simultaneous irradiation with He+ and H+ at high temperature only partial 

dissolution is evidenced. A slight coarsening of nanoparticles is observed in all ODS 

alloys after high temperature irradiation. This behaviour is also detected after 

sequential dual irradiation at RT, although further studies are needed to confirm 

this.  

 

- Nanoindentation experiments performed in ODS steels does not show much 

difference in the irradiation induced hardening for the studied conditions. 

 

- Open volume defects have been characterised by PAS. In unirradiated state, well 

annealed model alloys show no vacancy-type defects while ODS steels present a 

high amount of stable open volume defects associated to the nanoparticles. After 
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Fe+ irradiation at low temperatures, results show that for all materials there is a 

higher size/concentration of irradiation induced vacancy clusters in the irradiated 

region. Both model alloys show similar maximum values independently of dose or 

initial state which points to saturation of the positron signal. The increase in the 

open volume defects is much lower in the ODS steels proving their higher radiation 

resistance. After irradiation, it seems that the association between vacancy-type 

defects and nanoparticles is less evident in the ODS alloy without Ti addition.  

 

- He+ irradiations at RT and intermediate temperatures induce a considerably lower 

amount of open volume defects as compared to the Fe+ irradiations, being more 

localised around the damage region. Results for model alloys are independent on 

temperature, while there appears to be a transition of the defects in ODS steels 

when increasing dose and temperature from 400 to 450 °C. The chemical signature 

from defects is different as compared to the Fe+ irradiations, possibly due to the 

creation of He-vacancy complexes. In this case, model and ODS alloys show a similar 

chemical signature suggesting that most open volume defects are associated not 

with the nanoparticles but with the ferritic matrix.  

 

- Sequential irradiations with He+ and Fe+ ions were performed at RT with different 

sequence of ions. PAS investigations show that the sensitivity of positrons to He-

vacancy complexes is reduced compared to empty vacancy clusters. Moreover, the 

characteristics of the He-vacancy complexes in the model alloys depend on the order 

in which the irradiations take place. The lower signal from open volume defects after 

post-irradiation with He+ suggests an increased entrapment of He in He-vacancy 

complexes as compared to the pre-irradiation with He+. For model and ODS alloys, 

the simultaneous irradiation with He+ and Fe3+ ions at 400 °C using beam degraders 

leads to a lower damage compared to the sequential ones performed at RT, 

homogeneously distributed and showing no clear connection between He and open 

volume defects.  

 

- The presence of small irradiation induced bubbles has been confirmed after 

sequential dual irradiation at RT (sizes < 2 nm), He+ irradiation at 400 °C (sizes < 2.5 

nm) and triple irradiation at 600 °C (sizes < 4 nm), their size increasing with the 

irradiation temperature. Most bubbles are observed in the ferritic matrix. After 

irradiation at 400 °C visible bubbles have smaller sizes and higher densities in the 

ODS steels as compared to the model alloy. Apparently, bubbles in ODS steels and 

model alloys have similar sizes after irradiation at RT while the number density in 

the ODS steels is slightly lower, pointing to bubbles being below the detection limit 

of the microscope. After the triple irradiation at 600 °C bubble sizes are slightly 

smaller in the ODS steel with Ti addition, in agreement with a higher refinement 

induced by Y-Ti rich nanoclusters.  


