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Abstract 

The paper presents a detailed analysis of helium (He) bubble development in ODS-

EUROFER steel caused by helium ion implantation in different regimes, with a particular 

attention to the role of the oxide nanoparticles in promoting the growth of He bubbles, helium 

accumulation and gas-driven swelling. The Transmission Electron Microscopy (TEM) 

characterization of steel samples implanted applying systematic variation of experimental 

parameters has allowed clarifying the trends of the bubble microstructure evolution depending 

on the implantation dose, flux, and sample temperature. It was found that in all investigated 

implantation regimes He bubbles formed both in the grain bulk and on various structural defects 

(dislocations, grain boundaries, oxide particles and carbide precipitates), but the sizes and 

densities of bubbles in different bubble populations were sensitive to particular irradiation 

conditions. In the majority of cases the main traps for implanted helium and the main 

contributors to the estimated swelling were bubbles associated with grain boundaries, though in 

some cases (high implantation dose or lower temperature) the bubbles in the grain bulk were 

competitive with the grain boundary bubble population. Oxide particles in ODS-EUROFER 

were found to be excellent nucleation sites for He bubbles and practically each observed particle 

hosted a single relatively large bubble, sometimes as large as the particle itself. However, the 

contribution of oxide-associated bubbles to the estimated swelling and He inventory was found 

to be minor as compared to other bubble populations because of a relatively low number density 

of nano-oxides. Comparison of ODS-EUROFER and EUROFER 97 samples implanted with He 

https://doi.org/10.1016/j.nme.2023.101456


2 
 

ions in identical regimes has demonstrated lower efficiency of ODS-EUROFER for 

accumulating implanted helium in bubbles and noticeably higher share of helium atoms trapped 

in the vacancy defects invisible by TEM. 
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1. Introduction 

The challenges of meeting rapidly growing demand for energy have renewed a 

worldwide interest in advanced power energy plants, while the need for new clean sources of 

energy provides strong support to the quest for next generation energy devices. Given the 

advantages of a high efficiency and fewer limitations from environmental impact, advanced 

fusion and fission (Gen IV) facilities, as well as accelerator driven systems (ADS) have a great 

potential to become an important part of the current and future non-carbon energy sources with 

continuous mode of energy generation [1-3]. The expected operation conditions of advanced 

fission and fusion facilities are characterized by high temperatures (~550-1000°C), intense 

neutron radiation (~5-30 dpa/fpy, i.e. displacements per atom per full power year) and utilization 

of chemically aggressive coolants. Structural materials used in the current nuclear reactors (such 

as zirconium or austenitic stainless steels) have serious drawbacks as possible candidates for 

these heavy-duty operation applications.  

Among the primary candidate structural materials considered for the forthcoming fusion 

and fission facilities are the ferritic-martensitic steels [4-6]. However, some reactor designs are 

expected to operate at temperatures well above the limit (~ 550°C) of reliable mechanical 

performance of these steels. According to modern views, one of the keys to improve the 

properties of multifunctional steels is strengthening with a very high density of ultrafine oxide 

nanoparticles [7-12]. More detailed research has shown that the high density of nano-oxide 

particles dispersed in the steel matrix not only improves its mechanical properties for high-

temperature applications, but also adds to radiation stability of oxide-dispersion strengthened 

(ODS) steel [8].  

However, in spite of intense international research on ODS steels in the last two decades, 

some fundamental questions concerning the nano-oxides usage for the improvement of the steel 

properties remain under debate. In addition to strengthening, nano-oxides in the steel matrix can 

affect the other modes of steel response (swelling, creep, fracture toughness, etc.) to the action of 

complex irradiation environments where the intensive displacement damage is accompanied with 

the accumulation of extremely high levels of light gases - helium and hydrogen. For example, for 

DEMO fusion reactor blanket system, ~10 appm He/dpa and 40 appm H/dpa are expected [13]. 

While hydrogen accumulation in steels is not generally considered as a serious issue, the 

accumulation of very high concentrations of helium bears potential risks of property degradation 

of ferritic and ferritic-martensitic steels.  

It is currently expected that nanosized oxide particles in ODS steel should be beneficial 

for mitigation of both swelling and high temperature embrittlement, providing additional 
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recombination sites for point defects and He trapping sites at the particle/matrix interfaces, thus 

preventing excessive helium accumulation at the grain boundaries [10,14-19]. However, ODS 

steels have very complicated microstructure with multiple sinks (grain boundaries, dislocations, 

second phase precipitates) competing for point defects and helium atoms. The relative role of the 

additional oxide nanoparticles in the overall material response to helium accumulation is far 

from obvious. In different ODS steels and at different testing conditions the fraction of helium 

bubbles affiliated with the nano-oxides is known to vary from 30 to 100% [10,12,15,19-22]. 

Neither is it evident that the efficient bubble nucleation and growth on the nano-oxides is always 

safe from promoting bubble-to-void transition in particular irradiation environments [23-25] and 

thus drastically accelerating swelling onset instead of additionally postponing it. The available 

literature knowledge remains unsystematic and often badly reproducible due to the lack of a 

basic understanding of the involved microstructural mechanisms.  

In order to clarify the relative contribution to helium accumulation and swelling from the 

oxide nanoparticles as a part of the complex microstructure of ODS-EUROFER, the impact of all 

microstructural defects should be estimated quantitatively. To reach this goal, it is important to 

perform systematic studies of the sensitivity of gas-driven microstructure to the variation of key 

parameters, which include the nano-oxide sizes and number densities, gas content and processing 

temperatures. It is highly desirable to perform investigations using as much control over the 

experimental parameters as possible. From this point of view, the use of the ion implantation 

technique for the imitation of microstructural changes in well-controlled conditions with a wide 

range of variable parameters combined with careful post-implantation characterization looks 

highly promising. It also allows investigating the kinetics of material microstructure 

development to He accumulated doses well above those expected in the forthcoming reactor 

designs, providing a reliable basis for long-term predictions of the investigated material 

behavior. 

The major objective of this paper is a systematic investigation of the fundamental trends 

in helium-driven microstructure development in ferritic-martensitic ODS steels in separate ion 

implantation experiments with varying single parameters (accumulated gas content, gas 

accumulation and damage rates, and sample temperature), with particular attention to the role of 

the oxide particles. 

2. Material and methods 

2.1. Materials and sample preparation 

The EUROFER97 samples originate from the batch E83697 manufactured by Boehler 

Austria GmbH. The processing route of EUROFER 97 steel includes conventional ladle 
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metallurgy, refining via vacuum arc re-melting, and hot rolling in the austenitic temperature 

range. ODS-EUROFER was produced using powder metallurgy technique that included 

mechanical alloying of EUROFER 97 powder with 0.3% yttrium at Plansee GmbH, followed by 

a hot isostatic pressing (HIP) and a hot cross-rolling at 1150°C (for details, see Ref. [7]). Before 

being supplied for the current experiment, both steels were subjected to additional heat 

treatments. The samples of EUROFER 97 were austenitized for 30 min at 980°C, quenched in air 

and then tempered for 2 h at 760°C, while ODS-EUROFER samples were austenitized at 1100°C 

for 30 min, quenched and then tempered at 750°C for 2 h. These heat-treated samples are 

referred to below as ‘as-supplied samples’. Table 1 summarizes the average elemental content in 

the samples expected from the measurements on the samples of same steel batch [7,26,27]. 

 

<Table 1> 

 

Detailed microstructural studies of non-irradiated ODS-EUROFER [15,28-44] and 

EUROFER 97 [30-33,35,45-47] are already available in the literature; some additional details for 

as-supplied samples are given in section 3.1 for clarity. 

Slices of ODS-EUROFER and EUROFER97 steel with the thickness of ~300 μm were 

cut out from the supplied samples, mechanically grinded down to ~100 μm and discs of 3 mm 

diameter were punched out of the slices. Prior to irradiation, the discs were electropolished in a 

StruersTenupol-5 unit with a 10% HClO4 + 90% CH3OH solution at –20 °C in order to remove 

any damage due to mechanical polishing. After electropolishing, the samples were cleaned from 

both sides by ion milling system PIPS 693 using a 3 eV ion beam and 5–6° etching angle for 2 

minutes.  

2.2. Ion implantation conditions 

The implantation of investigated steels was performed with 10 keV He ions using IRMA 

implanter at the JANNuS-Orsay MOSAIC facility of IJCLab [48]. Ion injection was performed 

in the direction normal to the sample surface. The selection of the He ion energy was motivated 

by relatively low production of radiation-induced vacancies, suitable region for TEM analysis 

using standard sample geometry and a homogenous bubble size distribution over helium 

implantation depth (see section 3.2.1 for more details). According to calculations with the SRIM 

code [49] in full damage cascade regime, the damage and ion implantation peaks for 10 

keV He+ ions lie at the depths of 28 and 48 nm, respectively. Because the implantation and 

damage profiles generated by He ions are not perfectly uniform over the implanted sample depth, 

it was important to define a specific depth range within which the TEM analysis was to be 

( ) pR
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performed and the relevant concentrations and doses calculated. As described below in section 

3.2.1, this range was chosen to span 10 to 40 nm from the initial sample surface in order to 

obtain ample statistics with a sufficiently high accuracy of bubble size determination and to 

minimize the influence of the surface. 

He+ ion implantation into ODS-EUROFER steel samples was done at different 

combinations of ion flux, fluence and sample temperature. The particular fluence, flux and 

temperature values were selected within the ranges of 1×1015-1×1016 cm-2, 5×1011-5×1012 cm-2s-1, 

and 293-923 K, respectively. Samples of ODS-EUROFER implanted at room temperature (RT, 

293 K) were additionally post-implantation annealed (PIA) during 90 minutes under vacuum in 

order to reveal any microstructural features that might be obscured by the low mobility of the 

implanted ions and implantation-produced primary damage at RT. In order to compare the 

general trends of ODS-EUROFER steel microstructural evolution under helium implantation 

with the behavior of oxide-free material, EUROFER 97 steel was implanted with 10 keV He+ at 

823 K with the flux of 5×1011 cm-2s-1  up to the fluence of 1×1016 cm-2. 

The experimental implantation parameters and those calculated by SRIM for various 

fluence, flux and temperature regimes are summarized in Table 2. The calculated values for the 

region of interest investigated by TEM (ROI, 10-40 nm from the beam-facing sample surface) 

are averages over the ROI width. Later on, all mentioned parameters related to the implantation 

are those estimated for ROI. They are typically around 20% smaller than the values at the peak 

position depth.  

 

<Table 2> 

 

2.3. Material characterization and data processing 

Prior to the implantations, the samples of ODS-EUROFER and EUROFER97 steels were 

investigated by scanning electron microscopy (SEM) at Zeiss Evo 50 XVP microscope (NRNU 

MEPhI) equipped with Nordlys S EBSD detector in order to identify the grain sizes and estimate 

the density of grain boundaries, the latter being among the critical input parameters required for 

an implantation-induced swelling estimation. For a better identification of grains in as-supplied 

ODS-EUROFER steel, where grains are noticeably smaller than in EUROFER97, the electron 

backscatter diffraction (EBSD) technique [50] was used to image the microstructure of ODS-

EUROFER at the grain and sub-grain scales. The EBSD data analysis was done using HKL 

Channel 5 software. 
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The sample microstructure was investigated both prior and after ion implantations by 

transmission electron microscopy carried out using FEI TECNAI G² 20 Twin microscope 

(JANNuS-Orsay). For these investigations, the samples were additionally thinned from the 

unirradiated side to the electron transparency using a Tenupol-5 unit with the same electrolyte 

and thinning regime as that used prior to ion implantation. Electropolished samples were cleaned 

from both sides by an ion milling system PIPS Gatan693 using a 1 keV ion beam and 4–5° 

etching angle for 2 minutes and then directly used for TEM investigations. 

The implanted samples were studied using bright-field transmission electron microscopy 

(BF TEM) through-focal series method in planar view. In order to estimate the number density 

of He bubbles formed as a result of the implantation, the local thickness of TEM samples was 

measured by electron energy loss spectroscopy (EELS) log-ratio approach, which has an 

uncertainty of ±10% [51,52]. Cavity sizes were determined as the diameters of the first Fresnel 

fringe on a bubble observed in the underfocused image [53,54]. The related uncertainty is within 

10%. Other details about TEM data acquisition, estimation of bubble size, bubble density, 

swelling and accumulated He fraction in bubbles associated with different microstructural 

features can be found in Ref. [25]. 

3. Results 

3.1. ODS-EUROFER and EUROFER 97 microstructure in as-supplied state  

Microstructure of both ODS-EUROFER and EUROFER 97 steels in as-supplied state is 

characterized by elongated grains with some carbide precipitation preferentially along the grain 

boundaries (as illustrated in Fig. S1 in the Supplementary materials). ODS-EUROFER contains 

also Y2O3 nanoparticles visibly uniformly distributed inside the grains (see inset in Fig. S1(c)). 

ODS-EUROFER steel has noticeably a finer grain structure than EUROFER 97. Smaller grains 

in ODS-EUROFER steel form because of finely-dispersed Y2O3 nanoparticles that provide 

strong pinning effects on austenite grain growth during steel austenitization [31,35]. No retained 

austenite was present in both steels in as-supplied state [31,34].  

The as-supplied EUROFER 97 steel has a fully tempered martensitic structure with 

martensite laths, blocks and packets within prior austenite grains, in agreement with Refs. [30, 

31, 45, 46]. An average size of martensite laths in EUROFER 97 is about 0.8–6.5 μm length and 

0.3–0.5 μm width; the typical prior austenite grain size is 8–9.4 μm. The absence of residual 

ferrite in ODS-EUROFER steel with 0.3 wt.% of Y2O3 is in agreement with the results of Ref. 

[55] that show a fully martensitic structure in 9Cr ODS steels with the weight content of Y2O3 

below certain limit. Though we did not pursue a detailed search for the presence of residual 
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ferrite, the results of Ref. [34] obtained on the same material assure us that ODS-EUROFER 

used in this study has essentially a tempered martensitic microstructure. 

The as-supplied ODS-EUROFER steel was found to have a weak crystallographic 

texture, as could be expected for hot-rolled steels following martensitic transformation. Grains 

with irregular morphology were sometimes found. According to the results of EBSD mapping 

(see Fig. S2 in the Supplementary materials), high-angle grain boundaries (HAGBs) with grain 

misorientation angles ≥15° dominate, though low angle grain boundaries (LAGBs) with 

misorientations between 2° and 15° were also present at a lower share of~24% (see Fig. S2(c)). 

The dislocation wall boundaries with misorientations below 2°, even if present, cannot be 

properly indexed by SEM EBSD. 

Two peaks at~2° and 59°could be seen in the grain misorientation distribution histogram 

obtained from the mesotexture EBSD data (see Fig. S2(d) in the Supplementary materials). A 

similar distribution was reported earlier for quenched [31] and quenched/tempered [35,44] ODS-

EUROFER steel. According to Ref. [31], the maximum at ~2° is presumably related to lath 

boundaries or dislocation substructures, while the maximum at ~60° is related to the 

crystallographic nature of the martensitic transformation itself (selection variants) and 

corresponds to packet or/and block boundaries. The average grain size in as-supplied ODS-

EUROFER steel measured over 500 grains is found to be ~0.7×0.32 μm. Although rare coarser 

grain regions (not shown) similar to those reported in Ref. [34] were detected on SEM EBSD 

maps, these regions were not met on TEM images in the zones where the He bubble parameters 

were evaluated.  

The dislocation densities required for the estimation of the swelling and He inventory due 

to the dislocation-associated bubbles were borrowed from the literature sources reporting the 

results of detailed dislocation density evaluation in ODS-EUROFER and EUROFER 97 samples 

produced in similar conditions. According to the literature data, dislocation density in ODS-

EUROFER is by up to a factor of two higher than in EUROFER 97, but is still quite moderate 

due to a static recovery during the tempering treatment [29,32,37].  

The grain boundary inclusions with a globular shape and average size of ~100 nm 

detected in both ODS-EUROFER and EUROFER97 were M23C6 type precipitates rich in Cr, Fe 

and W in agreement with earlier observations [34,42,45,46]. According to the literature data, the 

volume density of M23C6 carbides in ODS-EUROFER steels is only half of that in its non-ODS 

counterpart, possibly due to the lower carbon content. MX (TaC and VN) carbonitride particles 

with an average size of ~20 nm were found inside grains of EUROFER 97, while for ODS-

EUROFER the presence of such particles has not been reported [31,35,37]. 
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Numerous dispersed Y2O3 particles with typical diameters ranging from 3 to 40 nm were 

observed in ODS-EUROFER mostly inside the grains. The spatial particle distribution was 

relatively uniform over individual grains (cf. inset in Fig. S1(c) in the Supplementary materials). 

However, variations of the particle number density from grain to grain and from one TEM 

sample to another were noticed. The statistical analysis of ~1000 particles on different TEM 

samples gave an average particle diameter of ~12 nm, in good agreement with the literature data 

[30,32,40,42].  

Literature sources (e.g. [15,32,33,38,43]) report strongly different number densities of 

Y2O3 nanoparticles, varying from 5×1021 m-3 to ~1×1023 m-3 even for the same batch of ODS-

EUROFER. In what follows, the oxide particle number density of 1×1022 m-3 was assumed for 

the evaluation of the oxide-associated He bubble number density, swelling and He fraction. 

Typical microstructural parameters of ODS-EUROFER and EUROFER 97 steels in as-

supplied condition are summarized and compared with the known literature data in Table 3. The 

surface areas of grain boundaries and carbide precipitates per unit ODS-EUROFER volume were 

calculated using the parameters obtained by SEM EBSD and TEM investigations and assuming 

that both microstructural features had an ellipsoidal shape. 

 

<Table 3> 

 

3.2. Microstructure development in ODS-EUROFER steel during helium implantation 

3.2.1. General description of microstructural evolution in ODS-EUROFER 

3.2.1.1 Distribution of cavities over implantation depth 

The evaluation of the observed helium bubble parameters was mostly done in this study 

using planar view TEM samples. The approach assumes that the size distribution of the bubbles 

is relatively uniform over the whole sample depth. If the size variation turns out to be 

pronounced, the interpretation of planar view TEM images becomes quite uncertain. In order to 

avoid the problem, the incident ion energies and sample thickness should be appropriately 

selected. This section describes the results of the verification test of the bubble size distribution 

uniformity with respect to ion stopping profile for implantation runs with 10 and 40 keV He ions. 

In order to follow the depth variation of cavity sizes, cross-sectional FIB lift-out samples were 

used in this case. 

Fig. 1 compares the results for two different implantations, one with 10 keV to the 

fluence of 5×1015 cm-2 at 823 K and another with 40 keV He ions to the fluence of 5×1016 cm-2 at 
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923 K. Bright Field TEM (BF TEM) underfocused images are taken from the zone located near 

the relevant projected ranges, Rp, of He ions. 

 

<Figure 1> 

 

The implantation with 40 keV He ions results in a non-uniform distribution in both 

bubble density and size as a function of the depth from the implanted surface (Fig. 1(a)). The 

largest bubble sizes are observed in the zone corresponding to the projected range Rp of He ions. 

In contrast, the implantation with 10 keV helium ions results in a relatively uniform bubble 

distribution as a function of the depth, leading to no preferential bubble growth at the He 

projection range (see Fig. 1(b)). Therefore, such ion energy is more suitable for the 

investigations of the He effects expected in the bulk of ODS-EUROFER steel under neutron 

irradiation because the parameters of He bubble ensembles are sensitive to the microstructural 

defect distribution rather than to the ion/vacancy ratio variations along the implantation profile. 

Hence, the He ion energy was selected equal to 10 keV for all implantations in this study. 

In order to confirm the relative uniformity of the bubble distribution in the 10 keV He 

implanted samples, a more detailed analysis was performed. TEM micrographs of ODS-

EUROFER steel after ion implantation with 10 keV He ion beam are shown in Fig. 2. The 

ensembles of He bubbles could be clearly identified by the characteristic change in Fresnel 

contrast from the overfocus to underfocus conditions.  

 

<Figure 2> 

 

He bubbles appear at depths from 5-7 to 100 nm from the implanted sample surface. A 

narrow denuded zone with a thickness of ~5 nm was observed in the near surface region. Also, 

the formation of a ~2-5 nm thick surface oxide layer was detected. The maximum depth of the 

He bubble band correlates well with the helium ion stopping and defect production profiles 

predicted by SRIM based calculation. The He bubble distribution in the implanted volume is 

heterogeneous; many bubbles clearly decorate microstructural defects - grain boundaries, 

dislocations and precipitates. 

A statistical analysis of the He bubble number density and mean size dependence on the 

distance from the ion-implanted sample surface (cf. Fig. S3 in the Supplementary materials) has 

demonstrated that the mean bubble size is practically insensitive to the observation depth and 

equals to ~4.4±0.3 nm, showing no correlation to the helium implantation and vacancy 

production profiles along the whole ion implanted range. In contrast, the bubble number density 
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follows ion/vacancy generation profile predicted by SRIM. The highest bubble density of 

(1.6±0.2)×1023 m-3 appeared at the depths of 20-40 nm from the implanted surface. The depth 

uniformity of the bubble size distribution justifies the use of planar view observations in order to 

estimate the spatial distribution of bubbles using the whole surface of implanted sample visible 

in planar-view TEM. 

Fig. 3 shows typical BF TEM images obtained from planar view on a sample of ODS-

EUROFER implanted in the same regime as the FIB cross-sectional sample in Fig. 1(b). 

 

<Figure 3> 

 

The general trend in bubble spatial distribution is similar to that visible on the cross-

sectional samples; bubbles decorate grain boundaries, dislocations and precipitates. The overall 

number of bubbles visible in a single TEM image is, however, notably larger because now there 

are no restrictions by the narrow thickness (~100 nm) of the ion implantation zone in FIB 

samples. Also, the quality of images is better due to the absence of a thin amorphous layer which 

is always present at the surface of FIB prepared samples. 

3.2.1.2 Distribution of bubbles over various types of microstructural defects 

Having in mind the observations reported in section 3.2.1, several major types of 

microstructural defects may act as trapping sites for He atoms and serve as nucleation sites for 

bubble formation in ODS-EUROFER steel, namely high- and low-angle grain boundaries, 

dislocations, M23C6 and Y2O3 precipitates. All TEM data described in this section are obtained in 

the same experimental conditions, namely 10 keV He ion implantation to the fluence of 5×1015 

cm-2 with the flux of 5×1011 cm-2s-1 at 823 K. 

Fig. 4 shows typical BF TEM images for areas containing dislocations and either a high-

angle grain boundary, see Fig. 4(a)), or a low-angle grain boundary, see Fig.4(b). 

 

<Figure 4> 

 

It is clearly seen that the helium readily accumulates in small He bubbles with a high 

number density at both types of grain boundaries and at dislocations. Low-angle grain 

boundaries in ODS-EUROFER (see Fig. 4(b)) appear to be dislocation walls. Hence, for the 

bubble number density and swelling estimations, only high-angle grain boundaries were 

considered. Since low-angle grain boundaries are decorated with the bubbles similar to 

dislocations, they are not treated explicitly during the subsequent statistical analysis because the 
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density of dislocations contained in low-angle grain boundaries is two orders of magnitude lower 

than the dislocation density inside the grain bulk. The typical sizes of He bubbles associated with 

both types of grain boundaries are similar to sizes of bubbles at dislocations and bubbles within 

the grain bulk (i.e. those not associated with any extended defect or precipitate/particle). In 

contrast to austenitic steels, where helium bubbles at grain boundaries at the studied temperature 

tend to coalesce and promote high-temperature helium embrittlement [4], we have noticed no 

bubble coalescence at the grain boundaries in ODS-EUROFER. Preliminary TEM examinations 

indicate that in the discussed regime the number density of bubbles in the bulk is low. 

Typical BF TEM micrographs of a globular M23C6 carbide precipitate (~100 nm in 

diameter) at the grain boundary and several Y2O3 nano-oxide precipitates (~7-30 nm in diameter) 

in the grain bulk of ODS-EUROFER sample are shown in Figs. 5(a) and 5(b), respectively. As 

can be seen in Fig. 5(a), at the M23C6 precipitate/matrix interface the implanted helium promotes 

the formation of multiple relatively small equiaxial (spherical or faceted) He bubbles, slightly 

smaller than those in the surrounding matrix. In contrast, the Y2O3 nanoparticles host in the same 

implantation conditions single (rarely two) relatively large bubbles with notably larger size than 

the typical size of bubbles in the matrix (see Fig. 5(b)). The helium bubbles attached to Y2O3 

particles have specific lens-like shapes. Quite evidently, helium in ODS-EUROFER steel 

behaves differently at the yttria/matrix and carbide/matrix interfaces.  

 

<Figure 5> 

 

All the observed Y2O3 nanoparticles, regardless of their size, hosted He bubbles. A 

definite correlation of the bubble sizes with the sizes of the host oxide particles could be noticed; 

with the increase of the nanoparticle size, the size of attached bubble increased as well (cf. Fig 

S4 in the Supplementary materials). Similarly, in Ref. [56] practically all the oxide nanoparticles 

were also decorated with He bubbles. It should be kept in mind, however, that bubble to oxide 

association is not a universal law. For example, in very different implantation conditions the 

share of particles covered with bubbles could be as low as 30-40% [19] or there could be no 

particles covered with bubbles at all [13,57].  

 

3.2.2. The relative importance of different defect microstructure components for He 

accumulation depending on ion implantation parameters 

The estimation of material swelling based on TEM data requires the knowledge of the 

bubble volumes and number densities (i.e. the number of bubbles per unit volume). These 
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parameters in the case of He implantation depend on both the He ion implantation parameters 

used, and the densities of microstructural defects that promote the He bubble formation. Hence, 

the He bubble distributions at all microstructural features, as well as in the bulk of the grains, 

were characterized as a function of the He ion implantation fluence, flux and temperature.  

3.2.2.1 Fluence variation effect on bubble parameters, contributions to swelling and helium 

inventory in different bubble families  

In order to systematically study the effect of various experimental parameters on the 

kinetics of bubble ensembles in ODS-EUROFER, several series of experiments were performed, 

where only one of the implantation parameters was changed with the others being kept fixed. 

This section discusses the bubble evolution in samples implanted with He at 823 K to fluences 

1×1015 cm-2, 5×1015 cm-2, and 1×1016 cm-2 at the constant flux of 5×1011 cm-2s-1. The 

accumulated He concentrations at these fluences are cited in Table 2. 

For all three fluences, the partitioning of implanted He between different microstructural 

defects and the bulk is observed (see typical TEM images of ODS-EUROFER samples in Fig. S5 

in the Supplementary materials): He bubbles decorate grain boundaries, dislocations and 

precipitates. As can be seen, with the increase of the helium implantation fluence the size of the 

bubbles also increases. 

The shape of He bubbles changes from more rounded at the lowest fluence to faceted at 

higher fluences, which is common for both voids and He bubbles in bcc Fe and Fe-Cr alloys [58, 

59]. Typical faceted cavities obtained at the highest fluence of 1×1016 cm-2 are shown in Fig. 6. 

 

<Figure 6> 

 

A characteristic feature of the bubble microstructure at all three fluences is the 

remarkably larger size of bubbles associated with oxide particles as compared to the bubbles 

associated with other microstructural defects or the bubbles in the bulk. At the highest fluence, 

the bubbles attached to oxide particles often reach sizes similar to or even larger than the size of 

the host particle itself (see Fig.7). As a result, the particles smaller than approximately 10 nm are 

largely enveloped by the bubbles, leaving only a minor neck connecting particle to the matrix. A 

similar effect was met also at lower studied fluences, but the fraction of particles ‘swallowed’ by 

bubbles was relatively small. 

 

<Figure 7> 
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In order to describe the variation of the bubble parameters with the increase of the fluence 

in quantitative terms, we start with the bubbles associated with oxide nanoparticles that require a 

special treatment due to both their specific lens shape and dependence on host particle size. 

Following the procedure described in our earlier publication [25], here and below we evaluate 

the average size of oxide-associated cavities, 〈𝐷!
"〉, as the size of the bubbles associated with the 

particles of the average size over the particle population (i.e. 12 nm in our case). In order to 

determine the relevant average bubble size, we employ the trend curves for bubble diameters 𝐷!
" 

as a function of particle diameter Dp obtained by fitting the experimental points for the observed 

bubble sizes, as shown in Fig. 8.  

 

<Figure 8> 

 

The observed correlation between the diameters of the bubbles on oxide particles and the 

sizes of their host particles for the case of an implantation fluence variation is shown in Fig. 8(a). 

At all three fluences one can see clear trends that can be conveniently fitted with a power law, 

𝐷!
" 	= 𝑎𝐷"#. The effective average diameters of the bubbles on oxide particles determined using 

the derived trend lines are found to be 6.0 nm, 8.1 nm, and 9.5 nm for the helium ion fluences 

1×1015 cm-2, 5×1015 cm-2, and 1×1016 cm-2, respectively. At the same time, within a fixed 

fluence, 〈𝐷!
"〉 increases as the nanoparticle size increases, for instance from 4 nm to 14 nm with 

the nanoparticle size increase from 3 to 23 nm at the fluence of 1×1016 cm-2. In other words, the 

average size of bubbles associated with yttria nanoparticles only weakly depends on the He 

fluence in the studied range and is mostly affected by the size of the host nanoparticles. Already 

at the intermediate fluence one can notice some particles with sizes close to 5 nm that host 

bubbles of comparable or larger size (falling in the white background zone in Fig. 8(a)). At the 

highest fluence value of 1×1016 cm-2 the relation  is commonly met for smaller (less then, 

roughly, 7 nm) particles, but sometimes the bubbles envelope particles as large as 12 nm in 

diameter.  

The average bubble size , number density , swelling contribution , the estimated 

average ratio of vacancies to He atom number in the bubbles (V/He), and the fraction of 

accumulated helium  were calculated separately for each bubble family (at grain boundaries, 

dislocations, carbides, oxides and in the grain interior) for all three studied fluencies following 

the approach described in detail in Ref. [25]. The results are summarized in Table 4. 

 

<Table 4> 
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As can be concluded from the data in Table 4, at each particular fluence there is little 

difference in size between the bubbles in the bulk and the bubbles on dislocations and grain 

boundaries, the latter being only ~ 10% larger than the others. The bubbles on carbides are 

typically somewhat smaller, while those on oxide particles are noticeably larger. The increase of 

the ion implantation fluence and the total content of the implanted He in the matrix leads to the 

growth of all bubble types, including those in the bulk and on all microstructural features. The 

largest size increase (by a factor of ~ 2) between the fluences of 1×1015 and 1×1016 cm-2 was 

observed for the bubbles at grain boundaries and in the grain matrix. Slightly slower growth, by 

a factor of 1.8, was detected for the bubbles on dislocations. Both types of precipitates, i.e. 

M23C6 carbides and Y2O3 oxides, promote the lowest bubble growth rate.  

The fluence dependent variations of the bubble number densities are also sensitive to the 

nature of the bubble family. The most favorable location for the bubbles at all fluences is on the 

grain boundaries. The evaluated bubble number density at the grain boundaries increases with 

fluence, but quite moderately. Even less pronounced dynamics of number density is 

demonstrated by the bubble families associated with the other extended defects - dislocations and 

carbide precipitates. The number density of bubbles associated with oxide nanoparticles is 

uniquely determined by the number density of nanoparticles, , and also does not 

change as the fluence increases. In contrast, the number density of bubbles in the bulk 

continuously grows. While at the lowest studied fluence it is comparable to that of bubbles on 

dislocations and carbides, by the highest accumulated He fluence it becomes essentially the same 

as that of grain boundary bubbles. But in spite of the sharp increase of the number density of 

bubbles in the bulk, the total bubble number density grows with the implantation fluence 

relatively modestly, from NV » 1.0´1023 m-3 up to NV » 1.6´1023 m-3. 

The overall increase of the number densities of visible He bubbles with the increasing 

fluence is accompanied with the increase of swelling, but the contributions to swelling vary 

depending on the particular bubble family. The largest contribution for all fluences comes from 

the grain boundary bubbles. However, in terms of swelling rate, the most notable swelling 

increase (by more than a factor of 20) is provided by the bubble population in the bulk. 

Individual swelling contributions of bubble populations attached to other extended defects and 

oxide nanoparticles are smaller than that of grain boundary bubbles and demonstrate slower 

dynamics (increasing by a factor of ~6 for the bubbles on dislocations and oxide particles, and 

~3.5 for the bubbles on carbides). 

22 -31.0 10  mp
VN ´=



16 
 

The total swelling due to all visible bubbles shows nearly linear variation with the 

fluence. However, in addition to helium accumulated in the bubbles visible in the TEM images, a 

certain fraction of implanted helium can be retained in He-vacancy clusters that are too small to 

be visible; it also contributes to swelling. Hence, an important parameter to estimate is the 

fraction of implanted He that is captured in the visible bubbles at different fluences. It can be 

expected that with the growth of bubbles during ion implantation the relative content of He 

captured in them (per unit sample volume) would decrease. A convenient measure of this effect 

is the ratio of the number of vacancies contained in a bubble to the number of He atoms it 

contains, or the V/He ratio. It can be noticed in Table 4 that the estimated V/He ratio indeed 

increases with the fluence for all bubble families. The lowest He contents are obtained for the 

bubbles attached to the oxide nanoparticles, which are generally larger than the bubbles in the 

bulk or on extended defects.  

The largest estimated fraction of accumulated helium at the lowest studied fluence is 

captured in the grain boundary bubble population. The fluence increase up to 1×1016cm-2 leads to 

noticeable increase of the implanted He share accumulated in the bubbles in the bulk and causes 

only a slight decrease of helium fraction in the bubbles on grain boundaries. So, despite the 

decrease, the grain boundary cavities remain the most important accumulators of implanted 

helium. At the same time, the shares of He accumulated in the bubbles on dislocations, carbides, 

and nano-oxides significantly decrease at the highest implantation fluence. 

The cumulative helium fraction captured in all visible bubbles, when expressed in 

absolute numbers, increases from ~ 920 appm to ~7400 appm when the implantation fluence 

increases from the lowest to the highest accumulated value. However, the fraction of total 

implanted helium that is trapped in visible bubbles of all types demonstrates the decrease from 

~73% down to ~60% with the fluence increase. In other words, a very noticeable fraction of the 

implanted He atoms in this experiment remains dissolved in the matrix, presumably being 

trapped in vacancies and small vacancy clusters that cannot be resolved by TEM or, to some 

extent, in the yttria particles that, according to Ref. [60], can efficiently accommodate He atoms. 

3.2.2.2 Flux variation effect on bubble parameters, contributions to swelling and helium 

inventory in different bubble families 

Another series of implantation runs was performed at the same temperature of 823 K in 

order to clarify the sensitivity of the evolving bubble ensembles to the rate of helium 

introduction into the steel matrix. For this purpose, He ion implantations with three different 

fluxes, 5×1011, 1×1012, and 5×1012 cm-2s-1, were performed to achieve the same fluence of 

5×1015 cm-2, corresponding to the total accumulated He concentration of ~6.3×103 appm. 
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A helium bubble partitioning between the bulk and the microstructural defects in ODS-

EUROFER steel was observed for all studied flux values (typical BF TEM images of samples 

implanted using different fluxes are shown in Fig. S6 in the Supplementary materials). 

In order to quantify the trends in the bubble parameter changes with the variation of the 

implantation flux, TEM observations have been processed as described in section 3.2.2.1. Let us 

start again with the bubbles attached to the Y2O3 nanoparticles. For all fluxes used one observes 

correlation between the sizes of the bubbles and those of the host nanoparticles. In order to 

estimate the average bubble size, the trend lines  were determined for each flux from the 

plot of bubble size versus host particle size, as shown in Fig. 8(b).  

As can be seen, the trend lines indicate only a slight decrease of the bubble sizes on oxide 

particles when the flux increases by an order of magnitude, while  remains almost 

unchanged. The effective average diameters of the bubbles on oxide particles determined using 

the derived trend lines are found to be 8.1 nm, 8.0 nm, and 7.8 nm for the helium ion fluxes of 

5×1011, 1×1012, and 5×1012 cm-2s-1, respectively. For all fluxes used, one can notice oxide 

particles with bubbles larger than the particle itself. Such oxide particles fall in the size range of 

3 to ~7 nm and this range is not sensitive to the flux variation, in contrast to the case of fluence 

variation. 

Table 5 summarizes the measured bubble parameters and estimated contributions to 

swelling, V/H ratio and He inventory separately for each bubble family at three different fluxes. 

 

<Table 5> 

 

The parameters of bubbles on M23C6 carbide particles could not be determined at the 

fluxes of 1×1012 and 5×1012 cm-2s-1 because electron transparent zones in these samples 

contained no carbides. However, for the purpose of a subsequent comparison of contributions to 

swelling from the bubbles on different defects, one can roughly estimate them using the 

knowledge acquired during the implantations with different fluences described in the previous 

section.  

In particular, the specific number density of bubbles (per unit surface of carbide particles) 

practically saturates by a fluence of 5×1015 cm-2, while the average size of the bubbles on 

carbides, , correlates with the average size of the bubbles in the bulk. Hence for swelling 

estimates at different fluxes we assume the same specific number density of bubbles on the 

carbide surface, , while the bubble diameters for the fluxes in the range 
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 cm-2s-1 are estimated from the diameters of the bubbles in the grain matrix, , 

using the relation: 

 𝐷!! = 𝐴𝐷!$, (1) 

where A is the ratio of corresponding average bubble diameters at the flux of 5×1011 cm-2s-1, for 

which carbides were observed. Corresponding estimates are also added to Table 5. Finally, the 

data for the bubbles on oxide particles, as estimated above, is added to Table 5 for completeness. 

As can be judged from Table5, at each particular flux there is little difference between the 

average sizes of the bubbles in the bulk and on the extended defects. Similarly, whatever the 

flux, the bubbles associated with Y2O3 nano-particles are the largest ones.  

A common trend for the bubbles in the bulk, on the dislocations and at the grain 

boundaries is the increase of the bubble specific number density  accompanied with the 

decrease of the average bubble size  as the implantation flux grows. The most impressive 

number density increase (by a factor of more than 7) between the lowest and the highest 

implantation flux used is observed for the bubbles in the grain matrix. The increase of the 

specific bubble number densities at grain boundaries and on dislocations is, in contrast, relatively 

modest. At the same time, bubble sizes in the bulk and on extended defects fall down between 

the lowest and the highest ion implantation fluxes in a similar way, approximately twice. In 

contrast, the average size of bubbles on oxide particles decreases only slightly with the increase 

of flux, so that the ratio of the average sizes of bubbles on oxide particles and in the bulk 

increases, constituting approximately 1.9, 2.4, and 2.9 for the fluxes of 5×1011, 1×1012, and 

5×1012 cm-2s-1, respectively. The bubbles on oxide particles are in one-to-one relation with Y2O3 

precipitates and thus their number densities are insensitive to flux variations.  

As can be concluded from the obtained data, the increase of the flux is accompanied with 

the decrease of the average bubble size and the increase of bubble number density for all families 

of bubbles. While the size decrease is in all cases quite moderate, the sensitivity of the bubble 

number density to flux variation depends on the bubble location. The number densities of the 

bubbles at grain boundaries and on dislocations demonstrate less than twofold increase, whereas 

the number density of the bubbles in the bulk increases by a factor of ~8. As a result, the overall 

picture of the bubble distribution visibly changes upon transition from the lowest to the highest 

flux. While at the lowest flux the bubbles are preferentially located on structural defects (grain 

boundaries and dislocations), the bubbles in the bulk dominate at the highest one. One can also 

notice overall increase of the bubble number density.  

Following the observed variations of the bubble microstructure, the increase of 

implantation flux from 5×1011 cm-2s-1 to 5×1012 cm-2s-1 resulted in the suppression of the overall 

12 121 10 5 10´ - ´ V
cD

k
cN

k
cD



19 
 

swelling from ~0.7 % down to ~0.4%. The swelling caused by the grain boundary bubbles falls 

down most pronouncedly. The contribution from the bubble population on oxide particles 

remains practically unchanged at the level of 0.1%. In contrast, swelling from the bubbles in the 

bulk increases with the flux increase. As a result, while at the lowest flux the largest contribution 

to swelling is due to grain boundary bubbles, the strongest contributors at the highest flux 

become the bubbles in the bulk.  

The difference in the swelling contribution variation with the implantation flux for 

different bubble populations reflects the competition between the trends for bubble size decrease 

and the number density increase. The notable increase of swelling contribution for bubbles in the 

bulk is mainly due to the sharp increase of their number density with the increase of the flux. 

Swelling contribution from bubbles attached to nanoparticles changes only slightly because their 

number density is independent of the flux, while the average size demonstrates only a minor 

reduction with increasing implantation flux (see Fig. 8(b)). For the other bubble families, the 

trend for size reduction dominates, resulting in the swelling contribution decrease. 

The trends for the average V/He ratio variation follow those for bubble sizes. The largest 

value of V/He ~2.3 is estimated for the bubbles on oxide particles, which remain the largest 

whatever the flux. Bubbles associated with the other microstructural components and bubbles in 

the bulk demonstrate the decrease of V/He ratio (by a factor of 1.4) with the flux increase. 

At the lowest flux used, the maximum share of helium is accumulated in the grain 

boundary bubbles. The increase of the flux significantly decreases the share of the implanted 

helium accumulated in the bubbles at grain boundaries and on dislocations and carbides. At the 

same time, the share of implanted He captured by bubbles in the bulk increases with the 

implantation flux, reaching ~23% at the highest flux. However, this increase does not 

compensate for the reduction in He inventory in the other bubble populations and the total 

estimated share of implanted helium accumulated in the bubbles visible in TEM decreases from 

~59% at the lowest flux to ~41% at the highest one. The remaining helium atoms should be 

trapped in features undetectable by TEM. 

3.2.2.3 Temperature variation effect on bubble parameters, contributions to swelling and helium 

inventory in different bubble families 

The third set of experiments involved variation of ion implantation temperature while 

keeping fixed implantation flux and fluence. In this set of experiments, several samples were 

implanted at temperatures 723 K, 823 K, and 923 K with 10 keV He ions to the fluence of 

5×1015 cm-2 using the flux of 5×1011 cm-2s-1. 



20 
 

In agreement with the other experiments, He bubbles extensively decorate grain 

boundaries, dislocations and precipitates (typical BF TEM images of ODS-EUROFER implanted 

at temperatures 723 K, 823K, and 923 K are shown in Fig. S7 in the Supplementary materials). 

The sizes of bubbles on yttria nanoparticles are at all temperatures notably different from those 

on the other microstructural defects. Pronounced bubble size increase with the increasing 

temperature can be easily noticed.  

The qualitative analysis of bubble array parameters starts as before with the 

determination of the average size of bubbles attached to oxide nanoparticles, as shown in Fig. 

8(c). The effective average diameters of bubbles on oxide particles determined using the derived 

trend lines are found to be 8.0, 8.1, and 8.7 nm for the implantation temperatures 723 K, 823 K, 

and 923 K, respectively. In other words, 〈𝐷!
"〉 is not too sensitive to temperature variation in the 

studied range. At all studied temperatures one observes particles with bubbles larger than the 

particle itself (such bubbles are represented by points falling in the white area in Fig. 8(c)).  

Table 6 summarizes the measured bubble parameters and estimated contributions to the 

swelling, V/H ratio and He inventory separately for each bubble family at temperatures 723, 823 

and 923 K. Similar to the flux variation regime, the cited parameters for bubbles associated with 

carbides are evaluated for the upper and lower temperatures using the measured values for 823 

K.  

 

<Table 6> 

 

At each particular studied temperature, the average sizes of bubbles in the bulk, on 

dislocations and at the grain boundaries are quite similar, though the bubbles at the grain 

boundaries are typically slightly (by ~10%) larger than the others, whereas the bubbles 

associated with Y2O3 nanoparticles are visibly larger than on the other microstructural features. 

The general trends for the bubble parameter variation with temperature are the same for 

the bubbles in the bulk and on extended defects. The mean bubble size increases with the 

increase of temperature. Correspondingly, since the average size of the bubbles on oxide 

particles weakly depends on temperature, the size difference between the bubbles associated with 

oxide particles and with the other microstructural features becomes less pronounced as the ion 

implantation temperature grows.  

The total bubble volumetric number density decreases as the temperature increases from 

723 to 923 K. The largest contribution to the total bubble number density at all studied 

temperatures comes from the bubbles at grain boundaries. The number density of the bubbles 
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associated with dislocations is weakly sensitive to temperature. The most pronounced is the 

number density decrease for the bubbles in the bulk. 

The estimated total swelling induced by all bubbles grows with the temperature in the 

studied temperature range, changing from ~0.5 % at 723 K to ~0.9% at 923 K. The same trend is 

demonstrated by all bubble populations, associated with microstructural defects. The main 

contribution to swelling comes from the bubbles at the grain boundaries. Only bubbles in the 

bulk demonstrate the inverse trend of slightly decreasing swelling contribution with the 

temperature increase. As a result, while at 723 K the swelling from the bubbles in the bulk is 

comparable to that from the bubbles at the grain boundaries, at 923 K it falls down to the level 

typical for other bubble populations. 

The swelling increase for the bubbles on extended defects and oxide particles results from 

the noticeable growth of bubble average sizes. In contrast, for the bubbles in the bulk the growth 

of the average size is counterbalanced by the decreasing number density and thus the 

contribution of this bubble population to the swelling remains only weakly sensitive to the 

temperature variation. 

The ratio V/He is the highest for the bubbles associated with nanoparticles, which is quite 

natural having in mind that these bubbles are noticeably larger than those of all other bubble 

populations, whatever the temperature. However, for all other bubble families the ratio V/He 

also increases with the temperature due to the average bubble size growth. 

Similar to the swelling, the increase of temperature from 723 to 923 K results in the 

notable increase (from ~48% to ~69%) for the estimated share of implanted He atoms that are 

accumulated in the visible bubbles. The largest part of He atoms is always captured in the grain 

boundary bubbles, which accommodate from ~20% of all He at 723 K to ~33% at 923 K. In 

contrast, the share of helium captured within the bubbles in the bulk somewhat decreases from 

~13% down to ~10% when the implantation temperature grows from 723 K to 923 K. 

3.2.2.4 Corrections to contributions to swelling and helium inventory due to the ‘hidden’ helium 

The estimates of swelling in the previous sections were based on the conventional 

assumption that the increase of material volume is to a good accuracy equal to the volume of 

cavities produced by ion implantation, which can be directly evaluated from TEM measurements 

of cavity sizes and number densities. This assumption usually works well for purely void 

swelling not accompanied with helium accumulation in spite of the fact that TEM is able to 

resolve only cavities larger than a certain threshold size of, typically, ~1nm because in the 

common reactor operation conditions the relative share of free vacancies and vacancies in small 

clusters is negligible as compared to the volume of visible voids. The situation changes when the 
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radiation damage production by fast particles is accompanied with the efficient accumulation of 

helium, either created in transmutation reactions, or directly introduced by implantation (as is the 

case in this study). In many void swelling resistant metals, including ferritic-martensitic steels, 

the accumulation of helium under irradiation is accompanied with its precipitation in small 

cavities filled with gas atoms. The early growth of gas-filled cavities (bubbles) is controlled by 

the number of gas atoms captured by the bubble. The bubble sizes are seldom very much larger 

than the TEM resolution threshold and there always exists a certain amount of gas atoms 

captured in small gas-vacancy clusters invisible in TEM. When the number of gas atom 

contained in the ‘invisible’ clusters is comparable to that accumulated in the visible bubbles, a 

straightforward evaluation of the visible cavity volume can introduce a non-negligible 

underestimation of the true volume expansion of the material.  

The estimates of helium fraction accumulated in the bubbles, as given in Tables 4-6, 

indicate that none of the applied implantation regimes provides close to 100% capture of the 

implanted helium by the whole visible bubble population and so a noticeable share of implanted 

He atoms should be located in small He-vacancy clusters invisible by TEM. In some studied 

helium implantation regimes, for instance at the highest flux of 5×1012 cm-2s-1 or at the 

temperature of 723 K, the share of implanted helium trapped in all visible bubbles was estimated 

to be even less than 50% of the implanted amount. The swelling contribution from the small He-

vacancy clusters was not reflected in the numbers given for the total swelling in Tables 4-6. In 

order to get a feeling for the level of the underestimation, the total swelling values that include 

contributions from both bubbles and small He-vacancy complexes were calculated for all 

implantation regimes used. In the calculations we tentatively assumed that He atoms captured in 

small He-vacancy clusters occupy on the average one vacancy. The resulting estimates are given 

in Table 7.  

 

<Table 7> 

 

As can be concluded based on these estimates, the relative contribution of invisible 

clusters to the swelling changes only weakly with the increasing fluence (remaining at the level 

of 20-25%) at the fixed implantation flux and temperature, but is quite sensitive to flux and 

temperature variations. In all considered cases, the swelling underestimation due to the neglect of 

helium dissolved in small vacancy clusters is non-negligible. As a general trend, one can expect 

that the application of the TEM image-based estimates of the bubble parameters can be rather 

inaccurate in experimental studies performed at low temperatures and using too high rates of He 

production/introduction in the matrix. 



23 
 

3.3. Microstructural evolution in ODS-EUROFER steel caused by RT implantation 

followed by post-implantation annealing 

Helium pre-implantation at room temperature followed by post-implantation annealing 

(PIA) is a common way to simulate He accumulation in radiation materials science. However, it 

is not evident that this approach is suitable in the case of such complex material as ODS-

EUROFER steel. That is, the bubble populations developed after a two-stage treatment is not 

necessarily representative of the bubble structures developed directly during high-temperature 

He implantation. The goal of this section is to compare the general trends of microstructural 

evolution in ODS-EUROFER steel during high temperature He implantation with the results of 

an experiment performed using a combination of room temperature He pre-implantation and PIA 

(referred below as RT+PIA regime).  

The post-implantation annealing of ODS-EUROFER samples implanted at RT with He 

ions up to the fluence of 5×1015 cm-2 was performed in vacuum (~10-5 Pa) for 90 minutes at 823 

K. Typical BF TEM images of ODS-EUROFER samples after RT+PIA are shown in Fig. 9.  

 

<Figure 9> 

 

Qualitatively, observations for RT+PIA were in many respects similar to the relevant 

high-temperature implantation with the same flux and fluence (i.e. T=823 K, flux 1×1012cm-2s-1, 

fluence 5×1015 cm-2). Helium bubbles were seen decorating different microstructural defects 

(grain boundaries, see Fig. 9(a), as well as dislocations and precipitates, see Fig. 9(b)), in 

addition to bubbles in the bulk. As can be seen in Fig. 9(a), the bubbles associated with grain 

boundaries look, on the average, slightly larger than those in the bulk and on dislocations. Fig. 

9(b) evidences that the bubbles attached to nano-oxides are noticeably larger than those 

belonging to all other bubble populations and the bubble sizes seem to correlate with the sizes of 

the host nano-oxide particles. But, in contrast to TEM images obtained after high temperature 

implantation, much higher density of tiny bubbles in the bulk can be immediately noticed in the 

RT+PIA sample. 

In order to extract quantitative information from the TEM data, we use the same approach 

as that applied in the previous sections. We start with the bubbles associated with nano-oxides 

and determine their average size 〈𝐷!
"〉 from the measured dependence 𝐷!

"(𝐷"), as shown in Fig. 

8(d).  

As can be seen in Fig. 8(d), 𝐷!
"increases from ~3 nm to ~10 nm as nanoparticle size 

increases from 5 to 23 nm, demonstrating the same qualitative trend as that observed after high 
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temperature implantation. In comparison with the high temperature implantations, the bubbles on 

oxide particles are consistently smaller for the same particle size and no particles strongly 

enveloped by bubbles were found. Accordingly, the estimated average size for the bubbles on the 

oxide particles for the RT+PIA processing regime, 〈𝐷!
"〉» 5.6 nm, is smaller than that found for 

the high temperature implantation, 〈𝐷!
"〉» 8 nm.  

Table 8 collects a summary of the calculated bubble parameters for different 

microstructural features in ODS-EUROFER steel sample after RT+PIA. The table contains no 

data for the bubbles on carbide particles because no M23C6 carbides were met in electron 

transparent zones of TEM samples implanted in this regime. However, according to the results of 

statistical analysis presented for the fluence variation case, carbides provide only minor 

contributions to the cumulative bubble number density, swelling and helium inventory. 

Therefore, the lack of the data for the bubbles attached to carbides is not expected to seriously 

affect the trends described below.  

 

<Table 8> 

 

As can be noticed, the bubble population is dominated by the bubbles in the bulk, with 

the estimated number density𝑁$$» 1.9´1024 m-3. The number density of the bubbles at grain 

boundaries is more than an order magnitude lower than in the bulk, while the number densities of 

the bubbles on dislocations and oxide particles are even less. 

As a result of their very high number density, the bubbles in the bulk provide the main 

contributions to the overall swelling, 〈𝑆$〉» 0.44 %, and the fraction of accumulated helium, 

〈𝐹%&
" 〉» 58%, even though these bubbles have smaller average size than the bubbles associated 

with extended defects and particles. The contributions to the swelling and the helium inventory 

from all other bubble populations are relatively minor. 

A comparison of the bubble parameters between the RT+PIA and high temperature 

implantation regimes is shown in Fig. 10 separately for each bubble population.  

 

<Figure 10> 

 

Despite very similar values of cumulative swelling for the RT+PIA and high temperature 

implantation regimes (excluding the impact of carbides), the parameters of bubbles at different 

microstructural components and the contributions of different bubble populations to swelling and 
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helium inventory differ considerably. In general, the bubbles formed after RT+PIA are smaller 

than the bubbles formed after the high temperature implantation by roughly a factor of 2 (see 

Fig. 10(a)). Only for the bubbles attached to nano-oxide particles the difference in sizes is found 

to be relatively small. The bubble number densities show the opposite trend (see Fig. 10(b)); 

those after RT+PIA are always higher than after the implantation at the high temperature. The 

enormous number density increase for the bubbles in the bulk results in a significant re-

distribution of bubble population impacts on the swelling and helium inventory. While in the 

high-temperature implantation regime the bubbles at the grain boundaries and in the bulk 

contribute to the swelling and the accumulated helium fraction in similar shares, the swelling and 

helium inventory after RT+PIA are both dominated by the bubbles in the bulk. Finally, it can be 

noticed that RT+PIA promotes overall more efficient He clustering in the visible bubbles, which 

collect ~71% of all implanted He, while for the high temperature implantation the share of He 

collected in the visible bubbles is only ~43%. 

3.4. Helium partitioning between bubbles at different microstructural defects and 

cumulative swelling in EUROFER 97 in comparison to ODS-EUROFER 

In order to better understand the relative role of yttria nanoparticles in the helium 

accumulation kinetics in ODS-EUROFER steel, it is instructive to compare the general trends of 

the ODS-EUROFER microstructural evolution under helium implantation with those in the oxide 

particle free material with a similar composition, that is EUROFER 97 steel. This section 

summarizes the results of TEM investigations of EUROFER 97 steel implanted with helium in 

the experimental setup similar to that used for ODS-EUROFER. As shown in section 3.1, the 

elemental content and phase composition of ODS-EUROFER and EUROFER 97 are similar. 

The main difference is in the grain structure, which is more complicated in EUROFER 97 in the 

tempered condition. To the best of our knowledge, there is no detailed database quantitatively 

characterizing the microstructure of EUROFER 97 steel, including e.g. the relative densities of 

grain boundaries of various kinds (prior austenite / packet / block / lath), or carbide precipitates 

(M23C6 and MX). The lack of such data precludes the estimation of helium partitioning between 

different microstructural features and the estimation of their contribution to swelling in 

EUROFER 97. So here we restrict us to the direct comparison of bubble sizes and specific 

number densities (see Ref. [25]) on different types of microstructural features in EUROFER 97 

and ODS-EUROFER, while for the comparison of swelling and the fraction of helium 

accumulated in the bubbles only cumulative value estimates will be used. 

The typical microstructure of EUROFER 97 implanted with He ions to the fluence of 

1×1016 cm-2 at 823 K is shown in Fig. 11. Many bubbles are associated with various 
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microstructural features. As a result, the bubbles are non-uniformly spatially distributed 

following local variations in associated microstructure. Cubic He bubbles decorate grain 

boundaries, dislocations, and second phase precipitates and appear to be similar in size to the 

bubbles in the grain interior. 

 

<Figure 11> 

 

Fig. 12 shows regions containing grain boundary M23C6 carbides (Fig. 12(a)) and 

intragranular carbonitride MX precipitates (Fig. 12(b)) characteristic for EUROFER 97 steel. 

Both types of precipitates are heavily decorated with large numbers of relatively small bubbles. 

The sizes of bubbles attached to both types of carbides look similar.  

 

<Figure 12> 

 

Typical TEM images of EUROFER 97 and ODS-EUROFER samples implanted under 

the same conditions are compared in Fig. 13. Judging from Figs. 11-13, the general trends of the 

microstructure development in ODS-EUROFER and its non-ODS counterpart look qualitatively 

very similar, i.e. helium bubbles with similar sizes are distributed between structural defects. In 

order to obtain a basis for more detailed comparison, the parameters of bubble ensembles related 

to each microstructural defect type in both materials were estimated quantitatively, as described 

below.  

 

<Figure 13> 

 

As demonstrated in section 3.2.2, helium in ODS-EUROFER steel shows notably 

different behavior at the yttria/matrix and carbide/matrix interfaces. Typically, the surface of 

carbides is covered by multiple small bubbles, while the oxide precipitates host single (very 

rarely a couple of) relatively large bubbles. However, a straightforward comparison of these 

precipitate types in ODS-EUROFER steel was not quite fair because of very different size of 

M23C6 carbides (~100 nm) and Y2O3 (~12 nm) oxide precipitates. In contrast, in EUROFER 97 

steel various types of carbonitride MX precipitates (including (Ta,V)C, TaC and VN) with the 

mean size (~20 nm) comparable to that of yttria nanoparticles in ODS-EUROFER are present. 

Having in mind similar sizes of carbonitride precipitates in EUROFER 97 and oxide particles in 

ODS-EUROFER, it is instructive to compare helium trapping on such precipitates under the 

same implantation conditions. Figs. 14(a) and (b) show BF TEM micrographs of a MX 
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precipitate in EUROFER 97 and an Y2O3 precipitate in ODS-EUROFER, respectively, after He 

implantation in identical conditions. As can be seen in Fig. 14(a), the MX precipitate (~15 nm in 

diameter) in EUROFER 97 steel is decorated with multiple relatively small He bubbles (slightly 

smaller than those in the surrounding matrix), similar to large M23C6 carbides in both materials. 

In contrast, under the same implantation conditions helium is collected at the Y2O3 

nanoparticle/matrix interface in a single bubble with notably larger size than the typical size of 

bubbles in the matrix (Fig. 14(b)). 

 

<Figure 14> 

 

The results of comparative statistical analysis of specific number densities (per defect) 

and average sizes of helium bubbles associated with different microstructural features in 

EUROFER 97 and ODS-EUROFER steels are summarized in Table 9 and Fig. 15.   

 

<Figure 15> 

<Table 9> 

 

Bubbles in EUROFER 97 steel are slightly larger than in ODS-EUROFER, no matter 

whether they are located in the bulk or on microstructural defects, except carbide precipitates. 

The average sizes of bubbles at carbides are the same in both materials. A similar trend is found 

for the density of helium bubbles (per defect). In general, all the calculated number densities are 

higher in EUROFER 97, excluding the bubbles on dislocations, whose specific number densities 

(per unit length of dislocation) are practically the same. 

A detailed comparison of expected swelling and helium fraction captured in the bubbles 

belonging to different populations is currently impossible due to the lack of the necessary 

microstructural data for EUROFER 97. Hence, two simplified approaches were used to roughly 

estimate the expected swelling in EUROFER 97, namely – the standard ASTM approach, which 

uses the average bubble size and number density regardless of bubble association with that or 

other microstructural defects, and an indirect approach (these swelling estimates will be referred 

to below as SASTM and Sindirect, respectively). In the latter approach, the swelling is estimated as,  

𝑆'()'*&+,(%) = 〈𝑉!〉 ∙ ∑ 𝑁$-- ∙ 100%, 

where 〈𝑉!〉 is the volume of a single bubble averaged over all microstructural defect types in five 

different investigated areas and additionally averaged over investigated areas, while ∑𝑁. is the 

total bubble number density in all studied areas. Helium fraction 〈𝐹%&〉 was calculated in the 
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same way as for ODS-EUROFER from the visible bubble volumes, taking into account the 

volume density of all visible helium bubbles ∑𝑁. and the average bubble volume 〈𝑉!〉.  

The calculated values of swelling, V/He ratio and helium fraction are collected in Table 

10. 

 

<Table 10> 

 

As might be expected from the larger sizes and densities of helium bubbles in EUROFER 

97, higher values of swelling and accumulated helium fraction for EUROFER 97 in comparison 

to ODS-EUROFER are predicted. The increase in swelling is expected to constitute 50 to 60%, 

depending on the approach (standard or indirect) used for swelling estimation in EUROFER 97. 

The average V/He ratio in the bubbles is practically the same for both steels. Around 90% of 

implanted helium in EUROFER 97 is estimated to be captured in the visible bubbles in contrast 

to ODS-EUROFER, where the captured fraction is only around 60% of the total implanted He 

amount. The higher values of the accumulated helium fraction and swelling for EUROFER 97 

steel in comparison with ODS-EUROFER could be associated with both the larger grain size of 

EUROFER 97 and the absence of Y2O3 nanoparticles. 

4. Discussion 

The main objective of this study is the clarification of the relative importance of Y2O3 

nanoparticles as helium trapping sites in ODS-EUROFER and estimation of potential risks 

associated with oxide nanoparticles in conditions of ODS steel operation in a high He/dpa ratio 

environment. Having this in mind, let us discuss the results of ODS-EUROFER steel 

characterization after single-beam He+ implantations. 

First of all, the estimates of the helium fraction accumulated in bubbles based on TEM 

observations indicate that in neither of studied implantation regimes the implanted helium is 

fully trapped in the visible bubbles. A noticeable share of implanted He atoms remains captured 

in traps invisible by TEM. Helium partitioning between the bubbles and the small He-V clusters 

is found to be sensitive to fluence, flux and temperature variations. A graphic summary of the 

observed trends can be found in Fig. S8 in the Supplementary materials. Depending on particular 

implantation conditions, the potential contribution of invisible He traps can constitute up to 

~50% of the total swelling, indicating that the estimates of swelling and captured He fraction 

based on the summary volume of visible bubbles in TEM images can be quite inaccurate in 

experimental studies performed at low temperatures, high He concentrations and high rates of He 

production/introduction. 
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A remarkable feature of the observed bubble growth kinetics in all studied implantation 

regimes is the formation of different bubble families that grow not only in the grain bulk but also 

on microstructural defects, such as extended defects (dislocations, grain boundaries) and second-

phase particles (carbides and oxides). The kinetics of the bubbles on oxide particles is notably 

different from that for all other bubble populations, where the bubble sizes and number densities 

depend strongly on the implantation conditions. In contrast, the number density of bubbles on 

Y2O3 nanoparticles is predetermined by the number density of oxide particles that typically host 

a single He bubble per particle and is thus not affected by the implantation conditions. Bubbles 

on oxide particles are pronouncedly larger than bubbles of other populations and the sizes of 

bubbles associated with yttria nanoparticles are less sensitive to variations of implantation 

conditions in the studied parameter ranges than to the sizes of host nanoparticles. 

Restricting us below to the helium fraction and swelling associated with the bubbles, let’s 

discuss briefly the relative contributions of the different bubble populations to these values in 

different He implantation regimes (a helpful graphic representation of the observed trends can be 

found in Figs. S9 and S10 in the Supplementary materials).  

In the majority of studied implantation regimes both swelling and He inventory are 

largely controlled by bubble populations on structural defects (particles, dislocations and grain 

boundaries), while bubbles in the grain bulk provide relatively minor contribution. In 

quantitative terms, the relative contributions to helium accumulation and consequently swelling 

from bubbles on structural defects and in the grain bulk are mostly sensitive to variations of the 

implantation flux. As the implantation flux increases, the relative role of the bubbles in the bulk 

becomes stronger and at the highest flux of ~6 appm He/s this bubble population provides 

roughly the same contribution to swelling and helium inventory as bubbles on structural defects. 

With the increase of implantation fluence (helium concentration) and the decrease of temperature 

the relative contribution of bubbles in the grain bulk also increases, but for fluence and 

temperature variations within the studied ranges remains well below that from the bubbles on 

structural defects. 

Among the bubble populations associated with structural defects, the most important 

contributors to both swelling and He inventory are the bubbles located at grain boundaries. Only 

bubbles in the grain bulk can serve as serious competitors in certain cases, mainly at high He 

fluxes and, to less extent, at high helium fluences. The strong contribution of grain boundaries to 

the helium inventory and swelling in the He implantation regimes used in this study results 

mainly from the small grain size of ODS-EUROFER and consequently high density of grain 

boundaries and the associated bubbles. The average size of bubbles at grain boundaries is 

typically larger than for the bubbles in the grain bulk, on dislocations or carbide precipitates, but 
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only moderately. Even at the highest achieved He content of ~12000 appm we have observed no 

grain boundary bubble coalescence that might lead to the formation of huge bubbles and promote 

high-temperature helium embrittlement.  

In spite of being pronouncedly larger than bubbles of all other populations in all He 

implantation regimes used, the bubbles on oxide particles contribute to helium accumulation and 

swelling by only less than 15% and 21%, respectively. The relatively minor role of Y2O3 

nanoparticles in the helium inventory and swelling is primarily due to the low number density of 

nanoparticles in ODS-EUROFER steel, which coincides with that of oxide particles. It is worth 

mentioning, however, that the contributions of bubbles on oxide particles to both swelling and 

He inventory, even though remaining well below those from grain boundary bubbles, are 

comparable to those from all other bubble families in most implantation regimes, with the only 

exception of the high flux regime, where they considerably concede also to the bubbles in the 

grain bulk. 

Finally, it should be emphasized that the helium implantation regimes used in this study 

are very different from the conditions expected in fusion or spallation reactor environments, 

where gas accumulation rates are expected to be few orders of magnitude lower, while the 

damage rate - notably higher than in our experiments [13]. Therefore, quantitative estimates of 

swelling and helium partitioning between the different bubble families obtained for ODS-

EUROFER steel in this study are not directly relevant for fusion or spallation facilities. 

However, the qualitative trends in helium partitioning between the bubble families and their 

swelling contributions in ODS-EUROFER steel can be extrapolated on the reactor in-service 

conditions. In particular, the bubbles associated with Y2O3 nanoparticles in ODS-EUROFER 

steel, similar to bubbles on dislocations and carbides, are expected to provide only a minor 

contribution to both He inventory and swelling in the reactor operation conditions, unless they 

launch bubble-to-void transition (which, unfortunately, cannot be excluded for low He/dpa ratios 

[25]). Due to quite low grain size in ODS-EUROFER steel and high temperatures expected in 

fusion and spallation reactors, the main contribution to both swelling and helium inventory will 

most probably come from grain-boundary bubbles. Even though the bubbles in the grain bulk 

were found in this study to be competitive with the grain-boundary bubbles in certain regimes 

(high helium flux of fluence), these regimes (especially high flux that promotes dense bubble 

arrays in the bulk) are not relevant for the expected reactor operation conditions.  
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5. Conclusions 

The observed trends in bubble growth kinetics, swelling and helium redistribution in 

ODS-EUROFER steel implanted with He ions to relatively high helium contents (thousands of 

appm) in reply to the variation of implantation parameters can be summarized as follows. 

1. In all studied ion implantation regimes the formation of He bubbles was observed both 

in the bulk and on various structural defects, including grain boundaries, dislocations, carbide 

precipitates and yttria oxide particles. The estimates of the He inventory in the bubbles visible in 

TEM indicate that a noticeable share of He (20 to 50 % depending on the particular combination 

of implantation parameters) is trapped also in vacancy-helium clusters invisible by TEM. 

2. Regardless of the ion implantation conditions applied, all Y2O3 nanoparticles were 

decorated with single (very rarely – two) He bubbles and the sizes of these bubbles were visibly 

larger than for the bubbles in the bulk and on extended defects. The sizes of bubbles attached to 

yttria nanoparticles correlated with the sizes of host particles, demonstrating a trend for the larger 

particles to host larger bubbles; this trend holds for all ion implantation conditions used. But in 

spite of relatively large bubble size, the estimated contributions from the bubbles associated with 

oxide particles to the He inventory and swelling were minor in all investigated regimes due to 

the moderate number density of Y2O3 particles in ODS-EUROFER steel. Thus, our results do not 

support the opinion that the helium trapping in bubbles on oxide nanoparticles can efficiently 

prevent helium accumulation on grain boundaries. However, the formation of bubbles on grain 

boundaries, even though not strongly affected by the presence of oxide nanoparticles even at the 

highest fluence (12000 appm) and temperature (923 K), did not led to bubble coalescence, which 

might be dangerous in terms of promoting the high-temperature intergranular embrittlement. 

3. The increase of the implantation fluence from 1015 cm-2 to1016 cm-2 at the fixed ion 

flux of 5´1011 cm-2s-1 and irradiation temperature 823 K demonstrated the following trends in the 

helium bubble microstructure development, swelling and He inventory: 

- the most important contributor to both swelling and He inventory was the population of the 

bubbles on grain boundaries.  

- the helium capture efficiency in the bubbles on extended defects and second phase 

precipitates tended to saturate with fluence, but the bubbles in the bulk continued growing, 

becoming with the increase of dose competitive with the grain boundary bubble population as 

traps for helium introduced by ion implantation. 

4. The increase of the implantation flux from 5´1011 cm-2s-1 to 5´1011 cm-2s-1resulted in: 
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- the increase of number density and the decrease of the average size of all bubble 

populations, both in the bulk and on structural defects. As a result, the total swelling and the 

relative share of implanted helium accumulated in the bubbles decreased as the flux grew. 

- the transition from preferential He accumulation in bubbles associated with structural 

defects to bubbles in the bulk. While at the lowest used flux of 5×1011 cm-2s-1 the largest 

contribution to swelling and the largest share of accumulated helium are due to the bubbles at the 

grain boundaries, at the highest flux of 5×1012 cm-2s-1 both the swelling and helium accumulation 

are largely controlled by the bubbles in the bulk.  

- the increase of the share of implanted He captured in invisible sinks from ~40% to ~60%. 

5. The variation of the sample temperature during ion implantation from 723 to 923 K 

resulted in the growth of the bubble average size and simultaneous decrease of the bubble 

number densities for all bubble families (with the only exception of oxide-associated bubble 

population, whose number density remained constant and equal to the number density of oxide 

particles). Both the swelling and helium inventory in the bubbles associated with microstructural 

defects noticeably grew in reply to the implantation temperature increase. For all temperatures, 

the grain boundary bubbles gave the largest contributions to both swelling and helium inventory, 

which grew with the increase of temperature. A similar trend was observed for the bubbles on 

the other extended defects and on the nanoparticles, though their individual contributions were 

remarkably lower than those from the grain boundary bubbles. In contrast, the bubbles in the 

bulk manifested relatively weak temperature sensitivity of contributions to both the swelling and 

helium inventory; both contributions decreased with the temperature increase, contrary to the 

overall trend.  

6. A combination of room temperature ion implantation with subsequent annealing at 823 

K was found to rather poorly reproduce the microstructural development in ODS-EUROFER 

steel observed during high temperature implantation with similar parameters. Even though the 

cumulative swelling in both implantation regimes was similar, the roles of bubble populations in 

the bulk and on structural defects differed significantly. Only the nano-oxides demonstrated very 

similar potential for helium storage during both implantation regimes. The significant difference 

between the He bubble populations after low and high temperature implantations indicates that 

the resulting gas-driven microstructure is primarily determined by the helium re-distribution at 

the implantation stage and is not much affected by helium mobility at the annealing stage. 

7. Comparison of the results of He implantation into ODS-EUROFER and its oxide-free 

counterpart EUROFER 97 has demonstrated that, in spite of similar qualitative trends in the 

bubble population development, the bubbles in EUROFER 97 are larger and seem to trap the 

absolute majority of implanted He atoms in visible bubbles. As a result, the swelling estimated 
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based on the volume of bubbles visible in TEM is also ~50% larger than in ODS-EUROFER in 

practically the same implantation conditions. Higher values of accumulated helium fraction and 

swelling for EUROFER 97 steel in comparison to ODS-EUROFER could be associated with 

both the larger grain size of EUROFER 97 and the absence of Y2O3 nanoparticles. 

8. Even at the highest achieved He content of 12000 appm, the swelling estimated from 

the whole visible bubble population did not exceed 1.5 % and no indication of bubble-to-void 

transition was found. This evidences high resistance of ODS-EUROFER steel to swelling during 

helium accumulation to very high doses. 
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List of Tables 

Table 1. Chemical composition of ODS- EUROFER and EUROFER97 steels (in wt.%) 

[7,26,27]. 

Element C Cr Si Mn V W Ta Y O Fe 
ODS-EUROFER 0.07 8.92 0.11 0.41 0.19 1.11 0.08 0.19 0.14 Balance 
EUROFER 97 0.12 8.91 0.04 0.48 0.20 1.08 0.14 – – Balance 
 

Table 2. Summary of parameters used for implantations with 10 keV He+ ions. 

Parameters Fluence variation runs 
Flux variation 

runs Temperature variation runs 

Flux,  1011 cm-2s-1 5.0 5.0 5.0 10.0 50.0 10.0 5.0 5.0 

Fluence, 1015cm-2 1.0 5.0 10.0 5.0 5.0 5.0 5.0 5.0 

T, K 823 823 823 823 823 
293 + 
PIA at 

823 
723 923 

Peak dose rate, 10-5dpa/s 3.90 3.90 3.90 7.80 39.0 7.80 3.90 3.90 

ROI dose rate, 10-5dpa/s 3.63 3.63 3.63 7.27 36.3 7.27 3.63 3.63 

Peak dose, dpa 0.08 0.39 0.78 0.39 0.39 0.39 0.39 0.39 

ROI dose, dpa 0.07 0.36 0.73 0.36 0.36 0.36 0.36 0.36 
Peak He accumulation rate, 
appm/s 

0.85 0.85 0.85 1.70 8.48 1.70 0.85 0.85 

ROI He accumulation rate, 
appm/s 

0.63 0.63 0.63 1.25 6.27 1.25 0.63 0.63 

Peak He concentration, 
103appm 1.70 8.48 16.95 8.48 8.48 8.48 8.48 8.48 

ROI He concentration, 
103appm 1.25 6.27 12.53 6.27 6.27 6.27 6.27 6.27 

ROI appm/dpa ratio, 104 1.72 1.72 1.72 1.72 1.72 1.72 1.72 1.72 

 
Table 3. Typical microstructural parameters of ODS-EUROFER and EUROFER steels in as-
supplied state. 

Microstructural component ODS-EUROFER Ref. EUROFER 97 Ref. 
Grain 

boundaries 
Mean grain length (10-6 m) 0.70 This study 8-9.4* 

0.8-6.5** 
[45,46] 

This study 
Mean grain width (10-6 m) 

0.32 
This study -** 

0.3-0.50** 
[45,46] 

This study 
Volume density (106 m-1) 7.7 This study not calculated - 

Dislocations Density (1014 m-2) 1.3-1.80 [30,31,32] 0.90 [30] 
Carbides 

M23C6 
Mean diameter (10-6 m) 1.10 This study 1.00 [45,46] 

Number density (1019 m-3) 0.8-2.70 [34,42] 4.18 [45] 
Volume density (105m-1) 9.2 This study not calculated  

Y2O3 nano-
oxides 

Mean diameter (10-9 m) 12.00 [34] - - 
Number Density (1021 m-3) 10.00 [42] - - 

MX 
precipitates 

Mean Diameter (10-9 m) - - 20.00 [45,46] 
Number Density (1021 m-3) - - 1.00 [45-47] 

*- prior austenite grains 
** -martensite laths 
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Table 4. Mean sizes and number densities of cavities associated with different microstructural 
features and their contributions to swelling, V/He ratio and the accumulated He fraction in 
ODS-EUROFER implanted with 10 keV He+ ions to different fluences. 

1×1015  cm-2 Dck (10-9 m) NVk (1022 m –3) Sk (%) V/Hek FHek (103appm) FHek (%) 
Grain boundaries 3.04±0.23 3.64±0.75 0.053±0.013 1.52 0.36±0.09 28.3±7.0 
Dislocations 2.80±0.17 1.95±0.24 0.022±0.004 1.47 0.15±0.03 12.2±2.0 
Carbides 2.72±0.27 1.84±0.18 0.019±0.006 1.46 0.13±0.04 10.7±3.4 
Y2O3 6.04±0.60 1.00±0.10 0.028±0.009 2.03 0.14±0.04 11.2±3.5 
Grain bulk 2.68±0.20 1.92±0.22 0.019±0.003 1.45 0.13±0.02 10.7±1.9 

Total  10.35± 2.12 0.143± 0.045  0.92±0.29 73.1±23.1 
 

5×1015  cm-2 Dck (10-9 m) NVk (1022 m –3) Sk (%) V/Hek FHek (103appm) FHek (%) 
Grain boundaries 4.79±0.35 5.32±1.44 0.31±0.09 1.83 1.69±0.47 26.9±7.6 
Dislocations 4.69±0.24 2.00±0.23 0.11±0.01 1.81 0.60±0.079 9.6±1.1 
Carbides 3.55±0.36 2.13±0.21 0.05±0.02 1.61 0.31±0.10 5.0±1.6 
Y2O3 8.11±0.81 1.00±0.10 0.10±0.03 2.35 0.42±13 6.7±2.1 
Grain bulk 4.36±0.23 2.81±0.46 0.12±0.02 1.76 0.70±0.12 11.2±1.8 

Total  13.26±3.59 0.68±0.22  3.72±1.18 59.4± 18.8 
 

1×1016  cm-2 Dck (10-9 m) NVk (1022 m –3) Sk (%) V/Hek FHek (103appm) FHek (%) 
Grain boundaries 6.05±0.53 5.45±0.59 0.63±0.09 2.03 3.13±0.42 25.0±3.4 
Dislocations 5.23±0.56 2.00±0.20 0.15±0.03 1.90 0.79±0.15 6.3±1.2 
Carbides 3.96±0.40 2.21±0.22 0.07±0.02 1.69 0.43±0.14 3.4±1.1 
Y2O3 9.46±0.95 1.00±0.10 0.19±0.06 2.55 0.76±0.24 6.0±1.9 
Grain bulk 5.37±0.75 5.40±1.24 0.44±0.15 1.92 0.23±0.79 18.3±6.3 

Total  16.06± 3.68 1.48± 0.49  7.40±2.34 59.0±18.7 
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Table 5. Mean sizes and number densities of cavities associated with different microstructural 
features and their contributions to swelling, V/He ratio and the accumulated He fraction in 
ODS-EUROFER implanted with 10 keV He+ ions to the fluence of 5×1015 cm-2 at T=823 K 
with three different fluxes. Values marked with asterisks are estimates using equation (1). 

5×1011  cm-2s-1 Dck (10-9 m) NVk (1022 m –3) Sk (%) V/Hek FHek (103appm) FHek (%) 
Grain boundaries 4.79±0.35 5.32±1.44 0.31±0.09 1.83 1.69±0.47 26.9±7.6 
Dislocations 4.69±0.24 2.00±0.23 0.11±0.01 1.81 0.60±0.07 9.6±1.1 
Carbide 3.55±0.36 2.13±0.21 0.05±0.02 1.61 0.31±0.10 5.0±1.6 
Y2O3 8.11±0.81 1.00±0.10 0.098±0.031 2.35 0.42±0.13 6.7±2.1 
Volume 4.36±0.23 2.81±0.46 0.12±0.02 1.76 0.70±0.12 11.2±1.8 

Total  13.26±3.59 0.68± 0.22  3.72±1.18 59.4± 18.8 
 

1×1012  cm-2s-1 Dck (10-9 m) NVk (1022 m –3) Sk (%) V/Hek FHek (103appm) FHek (%) 
Grain boundaries 3.37±0.28 7.43±1.04 0.14±0.03 1.58 0.95±0.19 15.1±3.1 
Dislocations 3.32±0.37 2.64±0.36 0.051±0.014 1.57 0.32±0.09 5.2±1.4 
Carbide 2.66±0.27* 2.13±0.21* 0.021±0.007* 1.44* 0.15±0.05* 2.3±0.7* 
Y2O3 7.96±0.80 1.00±0.10 0.091±0.029 2.33 0.40±0.13 6.3±2.0 
Volume 3.28±0.23 8.80±2.61 0.16±0.05 1.56 1.05±0.33 16.7±5.3 

Total  22.0±6.53 0.48±0.15  2.86±0.91 45.6±14.5 
 

5×1012  cm-2s-1 Dck (10-9 m) NVk (1022 m –3) Sk (%) V/Hek FHek (103appm) FHek (%) 
Grain boundaries 2.51±0.18 8.91±1.44 0.074±0.016 1.42 0.53±0.11 8.5±1.8 
Dislocations 2.51±0.26 2.83±0.40 0.023±0.006 1.41 0.17±0.05 2.6±0.7 
Carbide 2.04±0.20* 2.13±0.21* 0.010±0.003* 1.32* 0.073±0.023* 1.2±0.4* 
Y2O3 7.78±0.78 1.00±0.10 0.083±0.026 2.30 0.36±0.11 5.8±1.8 
Volume 2.65±0.16 21.65±9.35 0.21±0.10 1.44 1.46±0.65 23.3±10.3 

Total  36.52±15.76 0.40±0.18  2.59±1.15 41.4±18.3 
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Table 6. The contributions of bubbles associated with different microstructural features to bubble 
average size and number density, swelling, V/He ratio and the accumulated He fraction in ODS-
EUROFER implanted with He+ ions at different temperatures. 

723 K Dck (10-9 m) NVk (1022 m –3) Sk (%) V/Hek FHek (103appm) FHek (%) 
Grain boundaries 3.62±0.19 7.59±1.19 0.19±0.031 1.55 1.23±0.20 19.6±3.2 
Dislocations 3.49±0.26 2.48±0.30 0.055±0.009 1.53 0.37±0.06 5.9±1.0 
Carbide 2.80±0.28* 2.13±0.21* 0.024±0.008* 1.39* 0.17±0.05* 2.7±0.8* 
Y2O3 8.01±0.80 1.00±0.10 0.093±0.029 2.19 0.43±0.14 6.9±2.2 
Volume 3.38±0.39 5.99±0.80 0.12±0.03 1.51 0.81±0.23 12.9±3.6 

Total  19.19±3.01 0.48±0.15  3.00±0.95 48.0±15.2 
 

823 K Dck (10-9 m) NVk (1022 m –3) Sk (%) V/Hek FHek (103appm) FHek (%) 
Grain boundaries 4.79±0.35 5.32±1.44 0.31±0.09 1.83 1.69±0.47 26.9±7.6 
Dislocations 4.69±0.24 2.00±0.23 0.11±0.01 1.81 0.60±0.07 9.6±1.1 
Carbide 3.55±0.36 2.13±0.21 0.050±0.016 1.61 0.31±0.10 5.0±1.6 
Y2O3 8.11±0.81 1.00±0.10 0.098±0.031 2.35 0.42±0.13 6.7±2.1 
Volume 4.36±0.23 2.81±0.46 0.12±0.02 1.76 0.70±0.12 11.2±1.8 

Total  13.26±3.59 0.68±0.22  3.72±1.18 59.4± 18.8 
 

923 K Dck (10-9 m) NVk (1022 m –3) Sk (%) V/Hek FHek (103appm) FHek (%) 
Grain boundaries 5.40±0.44 4.99±0.59 0.41±0.06 2.03 2.04±0.29 32.5±4.7 
Dislocations 5.05±0.42 1.98±0.30 0.13±0.02 1.97 0.69±0.12 11.0±2.0 
Carbide 4.11±0.41* 2.13±0.21* 0.078±0.025* 1.80* 0.44±0.14* 7.0±2.2* 
Y2O3 8.73±0.87 1.00±0.10 0.14±0.04 2.59 0.52±0.17 8.4±2.6 
Volume 4.97±0.52 1.96±0.38 0.13±0.03 1.96 0.64±0.16 10.3±2.6 

Total  12.06±2.34 0.883±0.279  4.33±1.37 69.2±21.8 
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Table 7. Estimated cumulative values of V/He ratio, He fractionFHe in visible bubbles (in 
appm and as fractions of the total implanted He amount, FHe_tot), swelling estimated from 
TEM data (STEM) and total swelling that includes contribution from helium dissolved in small 
He-vacancy clusters. 

Fluence variation <V/He> FHe (103appm) FHe (%) STEM (%) Stotal (%) 
1×1015 cm-2,FHe_tot = 1.25´103appm 1.59 0.92±0.29 73.1±23.1 0.14± 0.05 0.18±0.06 
5×1015 cm-2, FHe_tot = 6.3´103appm 1.87 3.72±1.18 59.4± 18.8 0.68± 0.22 0.94±0.30 
1×1016  cm-2, FHe_tot = 12.5´103appm 2.02 7.40±2.34 59.0±18.7 1.48± 0.48 2.00±0.69 

Flux variation      

5×1011 cm-2s-1, FHe_tot = 6.3´103appm 1.87 3.72±1.18 59.4± 18.8 0.68± 0.22 0.94±0.30 
1×1012  cm-2s-1, FHe_tot = 6.3´103appm 1.70 2.86±0.91 45.6±14.5 0.47±0.15 0.81±0.26 
5×1012  cm-2s-1, FHe_tot = 6.3´103appm 1.58 2.59±1.15 41.4±18.3 0.40±0.18 0.77±0.34 

Temperature variation      

723 K,FHe_tot = 6.3´103appm 1.63 3.00±0.95 48.0± 15.2 0.48±0.15 0.81±0.26 
823 K,FHe_tot = 6.3´103appm 1.87 3.72±1.187 59.4± 18.8 0.68± 0.22 0.94±0.30 
923 K,FHe_tot = 6.3´103appm 2.07 4.32±1.37 69.2±21.8 0.88±0.28 1.08±0.34 

 

Table 8. The contributions of bubbles associated with different microstructural features to 
bubble average size and number density, swelling, V/He ratio and the accumulated He fraction 
in ODS-EUROFER processed in RT+PIA regime. 

 Dck (10-9 m) NVk (1022 m –3) Sk (%) V/He FHek (103appm) FHek(%) 
Grain 
boundaries 

2.10±0.18 15.39±2.54 0.075±0.02 1.33 0.57±0.15 9.0±2.3 

Dislocations 1.72±0.10 4.83±0.82 0.013±0.003 1.24 0.10±0.02 1.7±0.3 
Y2O3 5.62±0.56 1.00±0.01 0.021±0.01 1.97 0.11±0.03 1.7±0.5 
Volume 1.65±0.11 189.02±28.38 0.44±0.10 1.23 3.65±0.79 58.2±12.6 

Total  210.24±35.50 0.55±0.18  4425±1399 70.6±22.3 
 
Table 9. Comparative statistical analysis of specific number densities N and sizes D of He 
bubbles associated with different microstructural features in EUROFER 97 and ODS-EUROFER 
steels. Data for ODS-EUROFER are borrowed from Table 5.  

Volume Grain boundaries Dislocations Carbides 
 

N, 1022m–3 D, nm N, 1015 m-2 D, nm N, 108 m -1 D, nm N, 1016 m-2 D, nm 

EUROFER97 7.32±1.72 6.77±0.75 7.87±1.08 6.78±0.65 1.54±0.16 6.53±0.67 3.35±0.59 3.83±0.41 

ODS-

EUROFER 
5.40±1.24 5.37±0.75 7.07±0.76 6.05±0.53 1.54±0.16 5.23±0.56 2.40±0.24 3.96±0.40 
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Table 10. Cumulative values of helium bubble number density, V/He ratio, swelling 

estimated from TEM data, and He fraction for EUROFER 97 and ODS-EUROFER steels at 

the He fluence of 1×1016 cm-2 (FHe_tot = 1.25´104appm). 

  NV, 1023 m–3 Sindirect, % SASTM, % <V/He> FHe (103appm) FHe (%) 
EUROFER 97 1.93± 0.21 2.22±0.44 2.35±0.40 2.03 11019±2174 87.9±17.3 

ODS-EUROFER 1.61± 0.37 1.48± 0.48 - 2.02 7401±2340 59.0±18.7 
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Figure captions 

Fig. 1. FIB cross-section of ODS-EUROFER steel implanted with (a) 40 keV He ions (fluence 

5×1016 cm-2, 923 K) and (b) 10 keV He ions (fluence 5×1015 cm-2, 823 K). BF TEM imaging 

conditions: ~1 μm underfocus. Dash lines limit projected range zone (with the highest He 

content).  

Fig. 2. FIB cross-section of ODS-EUROFER steel implanted with 10 keV He ions (fluence 

5×1015 cm-2, 823 K). BF TEM imaging conditions: ~1 μm underfocus. Dash lines limit the 

described zones, solid lines and circles mark structural defects decorated with He bubbles. 

Fig. 3. Planar view of the sample of ODS-EUROFER steel implanted with 10 keV He ions 

(fluence 5×1015 cm-2, 823 K). Sample thickness is ~40 nm. BF TEM imaging conditions: ~1 

μm underfocus. 

Fig. 4. The images of high-angle grain boundaries and dislocations (a) and low-angle grain 

boundaries and dislocations (b) in ODS-EUROFER steel implanted with 10 keV He ions 

(fluence 5×1015 cm-2, flux 5×1011 cm-2s-1, 823 K). BF TEM imaging conditions are: ~0.5 

μm underfocus. 

Fig. 5. Typical images of M23C6 carbide precipitates (a) and Y2O3 nanosized precipitates (b) in 

ODS-EUROFER steel implanted with 10 keV He ions (fluence 5×1015 cm-2, flux 5×1011 cm-2s-1, 

823 K). BF TEM imaging conditions: ~0.5 μm  underfocus. 

Fig. 6. He bubbles inside the grains of ODS-EUROFER steel implanted with 10 keV He ions to 

the fluence of 1×1016 cm-2 (flux 5×1011 cm-2s-1, 823 K). BF TEM imaging conditions: ~0.4 

μm underfocus. 

Fig. 7. Association of He bubbles with Y2O3 nanoparticles of different size in ODS-EUROFER 

steel implanted with 10 keV He ions to the fluence of 1×1016 cm-2 (flux 5×1011 cm-2s-1, 823 K). 

Oxide particles nearly completely enveloped by He bubbles are marked by arrows. BF TEM 

imaging conditions: ~0.4 μm  underfocus. 

Fig. 8. The observed bubble sizes on yttria nanoparticles vs. the nanoparticle size for the ODS-

EUROFER steel samples implanted with 10 keV He ions in different implantation conditions (a-

c) or processed in the RT+PIA regime (d). Solid lines are the best fits for each particular 

combination of fluence, flux and temperature. (a) Variation of the fluence between 1×1015and 

1×1016 cm-2 at the flux of 5×1011 cm-2s-1 and 823 K. (b) Variation of the flux from 5×1011 to 

5×1012 cm-2 s-1 at the fluence of 5×1015cm-2and 823 K. (c) Variation of the temperature from 723 
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to 923 K for the fluence of 5×1015cm-2 at the flux of 5×1011 cm-2s-1. (d) The red line is the fit for 

the RT+PIA data, as described in the legend. For comparison, the black line shows a similar fit 

obtained earlier for the relevant high-temperature He implantation, cf. Fig 8(b). The areas 

marked in all panels with a grey background correspond to the bubbles with the size smaller than 

that of the host particle. The parameters of the fitting curves for panels (a-c) can be found in 

Table S1 in the Supplementary materials. 

Fig. 9. Microstructure of ODS-EUROFER steel implanted with 10 keV He ions to the fluence of 

5×1015 cm-2 at RT and subsequently annealed for 90 minutes at 823 K. BF TEM imaging 

conditions: ~0.8 μm underfocus. 

Fig. 10. Comparative statistical analysis of bubble mean size, volume density of bubbles, 

swelling and He fraction contributions for the bubbles associated with different microstructural 

components in ODS-EUROFER implanted by He+ ions either in RT+PIA regime (red bars), or 

directly at 823 K (grey bars). Color references in panel (a) are applicable for all panels. Data for 

high-temperature regime are adopted from Table 5. 

Fig. 11.  Typical microstructure of EUROFER 97 implanted with He ions to 1×1016 cm-2 at 823 

K. BF TEM imaging conditions: (a) ~1 μm underfocus. 

Fig. 12. Carbide precipitates in EUROFER 97 implanted at 823 K with He ions to the fluence of 

1×1016 cm-2: (a) MC carbide, (b) M23C6 carbide. BF TEM imaging conditions: ~0.5 

μm underfocus. 

Fig. 13. Microstructure of EUROFER 97 (a) and ODS-EUROFER (b) implanted at 823 K with 

He ions to the fluence of 1×1016 cm-2. BF TEM imaging condition ~0.8 μm underfocus. 

Fig. 14. MX precipitate in EUROFER 97 (a) and yttria precipitate in ODS-EUROFER (b) steels 

implanted with He ions to the fluence of 1×1016 cm-2at 823 K. BF TEM imaging conditions: ~0.5 

μm underfocus. 

Fig. 15. The average sizes of He bubbles associated with different microstructural defects in 

EUROFER 97 and ODS-EUROFER implanted to the fluence of 1×1016cm-2 at T= 823 K with a 

flux 5×1011cm-2s-1. * MX precipitates are observed only in EUROFER 97. 
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Supplementary materials to the manuscript 

Microstructural evolution in ODS-EUROFER steel caused by high-dose He ion 
implantations with systematic variation of implantation parameters 

 
O.V. Emelyanova1,2,3, A. Gentils1,*, V.A. Borodin2,4, P.S. Dzhumaev2, P.V. Vladimirov5, 

R. Lindau5, A. Möslang5 
 

These supplementary materials collect a number of additional TEM micrographs and diagrams to 

support the observation statements in different parts of the paper (Nuclear Materials and Energy 

journal, 2023, https://doi.org/10.1016/j.nme.2023.101456), sometimes supplemented with more 

detailed comments. To simplify association with the main text, the references to the relevant 

sections in the main text are also supplied. 

I. Micrographs and diagrams 

Section 3.1.  

 
Fig. S1. Typical microstructures of ODS-EUROFER (a,c) and EUROFER 97 (b,d) steels in as-
supplied state. (a,b) BSE SEM image; (c,d) BF TEM (imaging conditions~ 0.5 μmunderfocus). 
The inset shows an array of Y2O3 nanoparticles in ODS-EUROFER steel at a higher 
magnification. 
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Fig. S2. EBSD mapping of ODS-EUROFER in as-supplied state: (a) EBSD pattern quality map; 
rolling (RD) and transverse (TD) directions marked in the inset are valid for all panels. (b) 
orientation image maps from EBSD data; high angle grain boundaries are shown as bold black 
lines and low angle grain boundaries (LAGBs) with misorientation between 2° and 15° are thin 
black lines. Grain colors related to grain orientation are expressed in the standard triangle. (c) 
grain boundary map showing HAGBs as black lines and LAGBs as red lines. (d) Grain 
misorientation distribution in ODS-EUROFER steel in as-supplied state. 
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Section 3.2.1.1 

 

Fig. S3. He bubble size (a) and density (b) distribution with respect to distance from the 
implanted surface in ODS-EUROFER steel implanted with 10 keV He. 

 

Section 3.2.1.2 

 

Fig. S4. Through-focus image pair of Y2O3nano-oxide precipitates in ODS-EUROFER steel 
implanted with 10 keV He ions, BF TEM imaging conditions: (a) ~0.4 μm underfocus and (b) 
~0.4 μm overfocus. 
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Section 3.2.2.1 

 
 

Fig. S5. The microstructure of ODS-EUROFER steel implanted with 10 keV He ions at 823 K 
with the flux of 5×1011 cm-2s-1 to fluences: (a,b) 1×1015 cm-2, (c,d) 5×1015 cm-2, (e,f) 1×1016 cm-2. 
BF TEM imaging conditions: (a,c,e) ~1 μm  underfocus and (b,d,f) ~1 μm overfocus. 
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Section 3.2.2.2 

 

Fig. S6. Microstructure of ODS-EUROFER steel implanted with 10 keV He ions at 823 K to the 
fluence of 5×1015 cm-2 with different fluxes. (a,b) 5×1011 cm-2 s-1, (c,d) 1×1012 cm-2 s-1, (e,f) 
5×1012 cm-2 s-1.BF TEM imaging conditions are: (a,c,e) ~1 μm  underfocus and (b,d,f) ~1 μm  
overfocus. 
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Section 3.2.2.3 

 

Fig. S7. Microstructure of ODS-EUROFER steel implanted with 10 keV He ions at different 
temperatures. (a,b) 723 K, (c,d) 823 K, (e,f) 923 K.BF TEM imaging conditions: (a,c,e) ~1 μm  
underfocus and (b,d,f)  ~1 μm  overfocus. 

 



Supplementary materials to O.V. Emelyanova et al, Nuclear Materials and Energy, https://doi.org/10.1016/j.nme.2023.101456 

7 

Section 4 

 

Fig. S8. Relative contributions of He bubbles and small HeV clusters to He inventory and the 
total swelling in ODS-EUROFER steel implanted with He+ ions. Colors differentiate the data for 
bubbles and HeV clusters, as explained in the legend located in panel (a). The depicted helium 
shares are normalized to the total implanted helium concentrations. The arrows here and in the 
next two figures indicate the extrapolation direction to fusion and spallation irradiation 
conditions. Presentation is based on the data in Table 7 in the main text of the article. 

 



Supplementary materials to O.V. Emelyanova et al, Nuclear Materials and Energy, https://doi.org/10.1016/j.nme.2023.101456 

8 

 

 

Fig. S9. Contributions of bubbles associated with different microstructural features to the 
accumulated He fraction in ODS-EUROFER steel implanted with He+ ions. Colors differentiate 
between bubble populations, as explained in the legend located on top of the figure. The depicted 
helium shares are normalized to the total helium concentration contained in all bubbles. 
Presentation is based on the data collected in Tables 4-6 in the main text of the article. 
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Fig. S10. Contributions to swelling from bubbles associated with different microstructural 
features in ODS-EUROFER implanted with He+ ions. Colors differentiate between bubble 
populations, as explained in the legend located on top of the figure. Presentation is based on the 
data collected in Tables 4-6 in the main text of the article. 
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II. A summary of parameters for fitting curve depicted in Fig. 8 

Figure 8 in the main text of the article demonstrates correlations between the bubble 

diameters 𝐷!
" for the bubbles associated with oxide particles and the host particle diameters Dp in 

the investigated samples of ODS-EUROFER at different combinations of implantation 

parameters. For each parameter combination the ‘best fit’ trend curves were calculated assuming 

the correlation law in the form  

𝐷!
" 	= 𝑎𝐷"#. 

The resulting parameters a and b for different fitting curves depicted in Fig. 8(a-c) are given 

below in a tabular form. 

Parameters for the power law trend lines used in Fig. 8(a) 

He ion fluence, 1015 cm-2 b a 
1.0 0.66 1.16 
5.0 0.66 1.56 
10.0 0.66 1.82 

Parameters for the power law trend lines used in Fig. 8(b) 

He implantation flux, 
1011 cm-2s-1 

b a 

5.0 0.66 1.56 
10.0 0.66 1.53 
50.0 0.66 1.49 

Parameters for the power law trend lines used in Fig. 8(c) 

Sample temperature 
during He implantation, K 

b a 

723 0.66 1.54 
823 0.66 1.56 
923 0.66 1.67 

 


