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Abstract 

Although the view that nm-sized oxide particles modify and essentially improve the irradiation 

resistance of Fe-Cr-based alloys is widely accepted, the correctness of this view has only been 

demonstrated in singular cases. An extension of the field of considered microstructures, irradiation 

conditions, and measures of irradiation resistance is required. The present study is focused on 

nanostructured ferritic Fe-14%Cr-based alloys, with and without the addition of 0.6 wt% Y2O3, 

produced via mechanical alloying and consolidation by spark plasma sintering. The materials were 

exposed to single-beam (Fe) and dual-beam (Fe+He) ion irradiations at room temperature. The initial 

microstructures were characterized, bimodal grain size distributions were observed and 

nanoindentation was applied to measure irradiation hardening for fine-grained and coarse-grained 

areas separately. We have found that grain size governs irradiation hardening for single-beam 

irradiation, while oxide nanoparticles play a dominant role for dual-beam irradiations. This sheds a 

light on the role of particle-matrix interfaces on helium management.  

 

Keywords: Nanostructured ferritic alloys, oxide dispersion strengthening, ion irradiation, dual-beam 
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1. Introduction 

Advanced oxide-dispersion strengthened (ODS) Fe-xCr-based alloys (x > 12%), also referred to as 

nanostructured ferritic alloys (NFA), are candidate materials for fission [1] and fusion [2] applications. 

While the basic understanding on microstructures and mechanical properties is well advanced, the 

scale up from lab-scale to industrial-scale production of NFAs is still in progress [3]. A typical 
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fabrication root to NFA is based on mechanical alloying of a pre-alloy powder produced by gas 

atomization followed by consolidation and mechanical processing, e.g. by means of hot extrusion [4]. 

An alternative consolidation method is based on field-assisted sintering, e.g. spark plasma sintering 

(SPS) [5]. The capability of SPS for scale up to the semi-industrial level in terms of sample volume 

was demonstrated [5,6]. Several consolidation methods including SPS tend to produce microstructures 

characterized by a pronounced bimodality of the grain size distribution [7–9]. 

The knowledge about the irradiation response, both under operation-relevant conditions and from a 

broader, more basic point of view, is still incomplete [10,11]. This is particularly true for fusion 

applications, where displacement (neutron) damage is combined with helium production [12]. A 

possible approach to emulate neutron irradiation damage and helium production is based on ion 

irradiations [10,13]. In spite of yet unsolved transferability issues, this kind of approach is needed 

because of the limited availability of proper irradiation facilities. It was shown before by way of 

nanoindentation experiments that displacement damage and He implantation give rise to synergistic 

irradiation effects on the hardness increase. In more detail, neither single-beam Fe-ion or He-ion 

irradiations nor sequential Fe-He or He-Fe irradiations are capable of reproducing the hardness 

increase observed after simultaneous (dual-beam) irradiations with Fe- and He-ions [14].  

Nanoindentation has long been recognized as a tool to study ion-irradiation effects on the mechanical 

properties of nuclear materials [13,15–19]. This is because the covered depth ranges can be tuned via 

indentation load and/or ion energy to match one another. In the case of an Fe-ion-irradiated layer on an 

unirradiated Fe-based substrate, the elastic modulus is approximately equal for layer and substrate and 

independent of depth [20]. In such instances, it is straightforward to interpret the measured indentation 

hardness as the actual local hardness averaged over the volume of the indentation plastic zone [19,21–

24], which reaches about 5 to 10 times deeper than the indentation contact depth [25]. This means that 

gradients of the displacement damage along the depth of the indentation plastic zone have to be 

considered. To avoid steep gradients, three- or multiple step irradiations were applied with the ion 

energy varied stepwise [17,18]. For the case of self-ion irradiations, this approach necessarily gives 

rise to the introduction of self-interstitial atoms throughout the irradiated depth range. As such excess 

self-interstitials are not formed upon neutron irradiation, they pose a transferability issue [26,27]. On 

the other hand, the interpretation of nanoindentation results as function of the local irradiation 

microstructure is not yet well understood for the case of steep damage gradients arising from single-

beam irradiations. 

In the present study, nanostructured ferritic ODS Fe-14%Cr-based alloys were fabricated by means of 

mechanical alloying of pre-alloy powders with 0.6 wt% Y2O3 and consolidation by means of SPS. A 

Y-free control sample was also produced via the same route. After microstructure characterization of 

the as-fabricated alloys, selected samples were exposed to single-beam (Fe) and dual-beam (Fe+He) 

ion irradiations at room temperature (RT). The observed bimodality of the grain size distributions was 
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exploited to derive the irradiation-induced indentation-hardness increase for the fine-grained and 

coarser-grained regions individually. The aim of the study was to separate the effects of grain size and 

dispersed oxide nanoparticles on the irradiation-induced hardness increase. Comparisons of both dual-

beam versus single-beam irradiations and ODS versus yttrium-free control allow the influence of 

oxide particles on helium management to be highlighted. Transferability issues to fusion-prototypic 

irradiation conditions are not envisaged except for the realistic value of the applied appm He/dpa ratio 

of approximately 10 [12]. 

 

2. Experiments 

2.1 Materials and Samples 

Two oxide-dispersion strengthened (ODS) Fe-14Cr-1W-0.4Ti materials (materials B and C) along 

with an yttrium-free control (material A) were selected from a broader set of produced materials. A 

gas atomized Fe-14Cr based pre-alloyed powder (Nanoval GmbH & Co. KG) was milled with and 

without 0.6 wt% of Y2O3 powder (PCT Ltd., particle size ≈ 30 nm) in a Pulverisette P5 planetary ball 

mill in purified argon atmosphere with a ball-to-powder weight ratio of 10:1. The composition of the 

steel powder given in  

Table 1 was intentionally chosen similar to the composition reported in [4,28] in order to facilitate 

cross comparison. The applied milling intensity was varied with respect to milling speed and milling 

time in order to achieve a set of alloys with different grain size and oxide particle size distributions. 

The milling parameters and Y2O3 contents are given in Table 2. As there was no significant difference 

in the powder particle size distributions, no sieving was necessary to maintain comparable sintering 

behavior. The same sintering parameters were applied for all alloys. The consolidation was done under 

vacuum using an FCT-HP D 250/1 spark plasma sintering device (FCT Systeme GmbH) with a 

dwelling time of 10 min at a temperature of 1050 °C and a maximum pressure of 70 MPa applied after 

heating to 750 °C. Relative densities higher than 98% were achieved for all samples of diameter 30 

mm and thickness of approximately 7 mm. Sample A was annealed under vacuum at 1350 °C for 7.5 

h. 

 

Table 1: Composition of the pre-alloyed steel powder. All values are given in wt%. 

Fe Cr W Ti Mn Si Ni 

bal. 14.10 0.99 0.32 0.34 0.18 0.17 
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Table 2: Y2O3 content and milling parameters. 

Sample Y2O3 content 

(wt%) 

Milling time 

(h) 

Milling speed 

(rpm) 

A 0.0 30 250 

B 0.6 20 150 

C 0.6 50 250 

 

 

Small plates of size 10 mm x 10 mm x 1 mm were machined from the SPS samples using wire-cut 

EDM. All samples were wet ground with SiC paper and mechanically polished with diamond paste 

down to 1 µm particle size before ion irradiation. As confirmed earlier by means of depth-resolved 

measurements of the S-parameter of positron annihilation spectroscopy, the thickness of the damage 

layer is less than 50 nm. 

 

 

2.2 Microstructure characterization of the unirradiated materials 

Electron backscatter diffraction (EBSD) was applied in order to evaluate the type of microstructure 

and the grain size for the whole set of samples. The Ultra 55 Plus FEG SEM (Carl Zeiss AG) was 

equipped with a HKL Nordlys F-type EBSD detector (Oxford Instruments plc). The measurements 

were carried out at 20 kV using a 120 μm aperture at a working distance of 15 mm and a sample tilt of 

70°. The Esprit software of Bruker was used for data post-processing. The minimum misorientation 

angle between neighboring grains was fixed at 5° for grain size determination. 

The size distribution of oxide nanoparticles was derived by means of small-angle neutron scattering 

(SANS). The experiments were performed at the beamline D33 of ILL Grenoble using a neutron 

wavelength of 0.6 nm. Two sample-detector distances of 1.2 m and 12 m were realized to cover a wide 

range of the scattering vector Q. The samples with dimension 10 mm x 10 mm x 1 mm were placed in 

a magnetic field of 1.4 T in order to allow magnetic and nuclear scattering cross-sections to be 

separated. The SANS analysis and the results obtained for a broader set of samples including those of 

the present study were reported in [29]. Samples A, B and C of the present study correspond to A, D 

and F in [29]. 

The spatial distribution and composition of oxide nanoparticles were characterized by means of atom 

probe tomography (APT). The APT measurements were carried out using an IMAGO LEAP 3000X 

HR system at the Materials Department of the University of Oxford in laser mode and applying a 
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laser-pulse energy of 0.6 nJ. Reconstructions were made using the IVAS 3.0 software by Cameca. For 

more details see [30]. 

Transmission electron microscopy (TEM) was performed on a Talos F200X FEG-(S) TEM (FEI) 

operated at 200 keV. The spatial distribution of the oxide nanoparticles was characterized using bright 

field imaging. Samples were prepared by means of electropolishing in a Tenupol-5 in 5% perchloric 

acid in methanol at -60 °C employing a voltage of 23 V. 

 

2.3 Ion irradiation 

All ion irradiations with Fe- and He-ions (single-beam as well as dual-beam) were performed in the 

dual implantation chamber (DIC) at the Ion Beam Center (IBC) of HZDR, Dresden, Germany [31]. 

The DIC allows simultaneous implantation to be performed using two ion beams originating from a 

500 kV implanter (He) and a 3 MV Tandetron accelerator (Fe) with an angle of incidence of 22.5°. 

The ion beams were synchronized and scanned over the area of the samples during the irradiation to 

guarantee a laterally uniform exposure over the whole set of samples. All irradiations were carried out 

at room temperature (RT). 

Two irradiation modes were applied: 

1. Single-beam implantation with Fe ions to nominally 10 dpa. 

2. Simultaneous (dual-beam) implantation with He and Fe ions to 100 appm He and 10 dpa 

(He/dpa ratio approximately 10 appmHe/dpa). 

Three-step irradiations with different ion energies were applied to produce a nearly homogeneous 

irradiated layer. The energies of Fe- and He-ions were chosen such that the maximum of the exposure 

profile of the Fe-ions and the maximum of the implantation profile of the He-ions coincide to ensure 

simultaneous implantation. The individual ion energies applied were 750 keV, 1.5 MeV and 3 MeV 

for Fe-ions and 50 keV, 150 keV, 350 keV for He-ions, respectively, which results in an irradiated 

layer of about 1 µm depth. The ion irradiations were performed in steps from lowest to highest ion 

energy. The ion irradiation parameters are given in  

Table  and 4. The exposure profile (in terms of dpa) is shown in Fig. 1. Geometric representations of 

the indenter and the indentation plastic zone (assumed to be a halfsphere), both for an indenation depth 

of 100 nm, are superimposed to the plot. 

The ion irradiation experiment was designed using the SRIM code (SRIM-2008.04) [32]. The 

exposure profile in terms of dpa were calculated based on Kinchin-Pease [33] using the quick 

calculation mode of SRIM with the lattice binding energy and the surface binding energy set to zero, 
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as suggested by Stoller [34]. The displacement energy was set to ED = 40 eV for a pure Fe-target 

according to ASTM-Standard E512 [35]. The contribution of He to the total exposure is less than 

0.01 dpa. 

 

 

Fig. 1: Exposure (dpa) profile and He-concentration according to SRIM. 

 

Table 3: Irradiation parameters for the three-step single-beam ion irradiations with Fe ions. 

Step Ion Ion energy  

(keV) 

Ion fluence  

(10
15

 cm
-2

) 

(1) Fe
2+

 3000 9.6 

(2) Fe
+
 1500 2.7 

(3) Fe
+
 750 5.0 

 

 

Table 4: Irradiation parameters for the multi-step dual-beam ion irradiations with Fe and He ions. 

Step Ion Ion energy  

(keV) 

Ion fluence  

(10
15

 cm
-2

) 

(1) He
+
 350 0.34 

(1) Fe
2+

 3000 9.6 

(2) He
+
 150 0.27 

(2) Fe
+
 1500 2.7 
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(3) He
+
 50 0.20 

(3) Fe
+
 750 5.0 

 

 

2.4 Nanoindentation 

Nanoindentation testing was performed using the Universal Nanomechanical Tester (UNAT, 

Advanced Surface Mechanics GmbH, now part of the Zwick-Roell Group) equipped with a Berkovich 

indenter. The calibration of the indenter area function and the instrument stiffness was based on 

measurements on two reference materials (fused silica, sapphire) with known elastic modulus. 

To obtain the indentation hardness as a function of depth from the loading curve, the Quasi 

Continuous Stiffness Measurement (QCSM) method [36] was applied. QCSM follows the same 

approach as the more familiar CSM (Continuous Stiffness Measurement) method [37], however the 

voltage of the piezoelectric resonator is not continuously overlaid with a sinusoidal oscillation during 

loading, but at discrete loading points. A maximum load of 50 mN was applied. The load cycle 

includes a holding segment of 60 s after partial unloading to 10% of the maximum load which is used 

to determine the thermal drift velocity. 

Data processing included zero point correction and thermal drift correction. Zero point correction was 

performed manually. Thermal drift was accounted for by correcting the displacements as a function of 

time assuming the drift velocity to be constant over the whole measurements. In all cases, the total 

drift during the indentation test was at least an order of magnitude smaller than the measured total 

indentation depth. An average load displacement curve along with the standard deviation of load and 

displacement was calculated from the single corrected curves (for the number of curves see below). 

The data were analyzed according to a method developed by Doerner and Nix [38] and adapted to 

pyramidal indenters by Oliver and Pharr [39,40]. The indentation hardness at the selected reference 

depth of 100 nm (see Fig. 1) was obtained by interpolation taking into account the data points in the 

surrounding of the reference depth.   

As will be shown below, materials B and C exhibit a pronounced bimodality of the grain size 

distribution. This observation was exploited to obtain the indentation hardness for the fine-grained and 

coarse-grained areas separately. To this end, arrays of indentations covering fine-grained and coarse-

grained regions of the same samples were defined. By superimposing the arrays with EBSD images, 

the individual indentations were retrospectively assigned either to the fine-grained area, or to the 

coarse-grained area, or classified as unclear borderline cases. For the former two cases, at least 20 

indentation tests each were collected.  
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3. Results 

3.1 Characterization of the unirradiated materials 

EBSD inverse pole figure maps of the microstructure of the materials A, B and C are shown in Fig. 2. 

Material A exhibits a homogeneous microstructure in terms of grain size. In contrast, materials B and 

C show bimodal grain size distributions with areas of larger grains (size range 1 to 10 µm) and 

ultrafine grains (size range 0.1 to 1 µm). The experimentally estimated values of the mean grain size 

for material A and the coarse- and fine-grained regions of materials B and C are given in Table 5.  
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Fig. 2: EBSD inverse pole figure maps of the Y-free reference sample A (a), the ODS sample B (b), 

(c), and the ODS sample C (d), (e). The IPF map in Fig. 2 (e) was taken in the fine-grained area. 

 

 

Table 5: Mean grain size d in coarse- and fine-grained areas. 

Sample d (coarse) 

(µm) 

d (fine) 

(µm) 

A 6.79 - 

B 1.15 0.32 

C 1.51 0.19 

 

The projections of the 3D atom probe reconstructions rotated around the z-axis in Fig. 3 reveal oxide 

particles with a size below 10 nm in sample B (powder milled for 20 h, 150 rpm), which are aligned 

on a plane with extended particle-free zones around. For sample C, which was produced with a higher 

milling time and speed (50 h, 250 rpm) applied, the detected Y-Ti containing oxide particles are 

homogeneously distributed within the analyzed volume. As the volumes probed by APT are 

comparably small, TEM was applied in order to verify the gained information. 

 

 

Fig. 3: Projected 3D atom maps obtained from APT displaying the spatial distribution of Y-Ti oxide 

particles in materials B (a) and C (b). The maps displayed in (a) are rotated projections of the same 3D 

map. The same is applicable for the maps displayed in (b). 

 



10 
 

TEM images of samples B and C are provided in Fig. 4. After 20 h of milling at 150 rpm (sample B, 

Fig. 4 (a)), large oxide particles with a size up to 100 nm are present along with the nm-size oxide 

particles detected by means of APT. The TEM micrograph was intentionally taken in overfocus in 

order to better visualize the smallest oxide particles.  The occurrence of extended particle-free zones 

was confirmed. For sample C (Fig. 4 (b)), the homogeneous distribution of nm-size oxide particles 

without particle-free zones was verified. It is interesting to note that no obvious correlation between 

fine- or coarse-grained areas and particle-free zones was found. 

In contrast to APT and TEM, which provide a local picture of the microstructure along with the spatial 

distribution of nanoparticles, SANS allows macroscopically representative and statistically reliable 

averages of the nanoparticles to be derived. The total number density and volume fraction of oxide 

nanoparticles in the size range 0.5-15 nm (radius) are summarized in Table 6. It is important to note 

that the large oxide particles present in B (see Fig. 4) do not contribute to these values, as their size 

exceeds the particle size range investigated with SANS. The complete set of results including other 

samples was reported in [30]. The dominant smaller fraction of nanoparticles were concluded to be 

Y2Ti2O7 and/or Y2TiO5 for both sample B and C, while sample A contains a smaller amount of 

yttrium-free oxide nanoparticles. 

 

 

 

Fig. 4: TEM images of ODS materials B (a) and C (b) displaying the presence of non-uniformly 

distributed oxide particles with a size up to 100 nm in B and a uniform distribution of nm-size oxide 

particles in C. 
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Table 6: Total number density N and volume fraction f of particles in the size range 0.5 - 15 nm, 

obtained from SANS measurements. 

Sample N  

(10
16

 cm
-3

) 

f  

(vol%) 

A 8 ± 3 0.17 ± 0.01 

B 25 ± 20 0.46 ± 0.04 

C 71 ± 34 1.16 ± 0.06 

 

 

3.2 Irradiation response 

The measured indentation hardness Hi vs. contact depth hc of the selected samples in the unirradiated 

as well as in single-beam (SB) and dual-beam (DB) irradiated conditions is plotted in Fig. 5. All 

indentation hardness values Hi interpolated from the curves in Fig. 5 for the selected reference contact 

depth of 100 nm are summarized in Table 7. The contribution arising from the unirradiated substrate is 

negligible for this reference depth. The indentation size effect (ISE) is assumed to be similar for the 

irradiated and unirradiated conditions. As the differences ΔHi of the indentation hardness between the 

irradiated conditions and the unirradiated controls are evaluated, the ISE contribution can be neglected 

in the discussion. In Fig. 5, Table 7 and what follows, the coarse-grained (subscript c) and fine-grained 

(subscript f) areas of materials B and C are treated such as if they belonged to individual samples. 
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Fig. 1: Indentation hardness vs. contact depth for the unirradiated conditions of all materials (a) as well 

as the unirradiated, single-beam irradiated and dual-beam irradiated conditions of material A (b), the 

coarse-grained area of material B (c), the fine-grained area of B (d), the coarse-grained area of C (e), 

and the fine-grained area of C (f). 
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Table 7: Indentation hardness of unirradiated, single-beam (SB) and dual-beam (DB) irradiated 

samples and the resulting irradiation-induced hardness increase. 

Sample Unirradiated 

Hi (GPa) 

SB 

Hi (GPa) 

SB 

ΔHi (GPa) 

DB 

Hi (GPa) 

DB 

ΔHi (GPa) 

A 2.47 ± 0.12 3.58 ± 0.07  1.11 ± 0.14 3.80 ± 0.20 1.33 ± 0.23 

Bc 2.64 ± 0.11 3.64 ± 0.15 1.00 ± 0.19 3.59 ± 0.21 0.95 ± 0.24 

Bf 3.92 ± 0.13 4.34 ± 0.08 0.42 ± 0.15 4.89 ± 0.12 0.97 ± 0.18 

Cc 4.64 ± 0.18 5.79 ± 0.15 1.14 ± 0.23 5.46 ± 0.08 0.82 ± 0.19 

Cf 5.35 ± 0.29 5.97 ± 0.12 0.61 ± 0.31 5.85 ± 0.09 0.50 ± 0.30 

 

 

The irradiation-induced hardening due to single-beam (Fe) and dual-beam (Fe+He) ion irradiation of 

the investigated samples is summarized in Fig. 6 (a) and (b), respectively. The hardness increase 

caused by single-beam and dual-beam irradiations is compared in Fig. 6(c) for materials A and C. 

Material B is excluded from this comparison because of the uncertainties introduced by the observed 

heterogeneous distribution of oxide nanoparticles. It is important to note that the errors in Fig. 6(c) are 

smaller than the respective errors in (a) and (b), because the same unirradiated control was subtracted 

from the hardness values observed after single-beam and dual-beam irradiations, meaning that the 

error of the control hardness drops out for the comparison between DB and SB.  

 

 

 

Fig. 2: Irradiation-induced hardening of the studied materials due to single-beam (SB) ion irradiation 

(a) and dual-beam (DB) ion irradiation (b), comparison of SB and DB irradiations (c). 
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4. Discussion 

It is necessary to work out some microstructural features of particular importance for the irradiation 

behavior in more detail. 

We have observed a pronounced bimodality of the grain size distributions for materials B and C. This 

is in agreement with findings reported for the same kind of material also fabricated by way of 

mechanical alloying and consolidation by SPS [8], which leads us to assume that bimodality is a 

characteristic feature for this fabrication route. The origin of the bimodality was studied in [41] in 

terms of abnormal grain growth. These authors found that precipitation is not the major cause of both 

abnormal growth and the resulting bimodality of the grain size distribution. Instead, abnormal growth 

is a consequence of the initial heterogeneous spatial distribution of the stored energy due to high-

energy milling. With respect to the present study, we conclude that bimodal grain size distributions 

can be (material B), but are not necessarily (material C), associated with particle-free zones. In 

contrast, the dislocation densities associated with the fine-grained and coarse-grained areas are 

necessarily different. This means that the higher sink strength (for irradiation-induced point defects, 

see below) associated with the fine-grained areas is additionally magnified via the sink strength 

contribution arising from the higher dislocation density in the fine-grained areas. 

In addition to the characteristics of the oxide particle distributions summarized in Table 6, it is also 

important to consider the type of particles and particle-matrix interfaces. Information on that was 

derived from the ratio of magnetic and nuclear scattering of SANS (A-ratio) [29] and from an APT 

study [30]. For material C (material F in [29,30]), the smallest particles of radii between 0.5 and 3 nm 

were concluded to dominate in terms of both number density and volume fraction and to be of type 

Y2Ti2O7 or Y2TiO5. Particles of both types coexist. After some debate in the literature, the dominance 

of types Y2Ti2O7 and Y2TiO5 is now generally accepted [3]. In this respect, it is important to note that 

the A-ratio of SANS represents an average over a macroscopic volume of the order of 50 mm
3
. 

Y2Ti2O7-type particles were reported to be coherent at the entire interface with a cube-on-cube 

orientation relationship [42]. 

The further discussion is based on the findings on hardening summarized in Fig. 6 in conjunction with 

the initial microstructures. We shall begin with the single-beam irradiations, Fig. 6(a). Samples A, Bc 

and Cc (group 1) exhibit similar irradiation hardening. Samples Bf and Cf (group 2) exhibit 

significantly lower irradiation hardening. On the one hand, the significant difference between groups 1 

and 2 is related to the grain size: Grain sizes well below 1 µm give rise to less irradiation hardening 

than grain sizes in excess of 1 µm. As rationalized above, the grain size effect on hardening is 

potentially associated with an effect of the dislocation density. On the other hand, the approximate 

agreement (i.e. insignificant differences) of irradiation hardening inside each of the groups 1 and 2 

indicates that irradiation hardening does not depend on the characteristics of the oxide nanoparticles. 
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The situation is essentially different for dual-beam irradiations, Fig. 6(b). Grain size/dislocation 

density still seems to make a difference, although this is not as clear as for the single-beam case. But 

contrary to single beam, the characteristics of the oxide nanoparticles in terms of number density or 

volume fraction do play a significant role. There is a clear trend of irradiation hardening to decrease at 

increasing number density. Obviously, the role of He is crucial for this finding. Indeed, as shown in 

Fig. 6(c), the implantation of He atoms (simultaneously with the introduction of displacement damage) 

gives rise to an increase of irradiation hardening for material A and a decrease of irradiation hardening 

for material C. 

The findings related to irradiation hardening as observed under the present conditions are summarized 

as follows: 

(1) Significant irradiation-induced increases of hardness are observed for each material 

and each irradiation condition of this study. 

(2) Smaller grain size (and higher dislocation density) gives rise to less hardening for 

single-beam irradiations.  

(3) Oxide nanoparticles do not alter hardening for single-beam irradiations.  

(4) Smaller grain size (and higher dislocation density) tends to reduce hardening for dual-

beam irradiations 

(5) Higher number densities of oxide nanoparticles give rise to less hardening for dual-

beam irradiations.  

(6) DB irradiation gives rise to more hardening than SB irradiation for material A.  

(7) DB irradiation gives rise to less hardening than SB irradiation for material C. 

It is important to emphasize that the experimental characterization of the families of irradiation-

induced nanofeatures and the identification of their respective roles in irradiation hardening in the 

present materials are beyond the scope of this study. However, it is still important to see, if and how 

reported insight into both the formation of defects and the role of microstructural features is consistent 

with our findings.  

To this end, it is important to recap two peculiarities of the present irradiation experiments, namely (a) 

the introduction of excess self-interstitials throughout the depth range relevant for nanoindentation 

testing, see introduction, and (b) irradiations performed at RT. Under thermal conditions at RT, 

interstitials (migration energy Emi = 0.3 eV [43]) are mobile and can quickly reach any kind of 

available and attractive sinks. In contrast, vacancies (migration energy Emv = 1.3 eV [43]) are 

practically immobile. He diffusion via an interstitial mechanism (migration energy EmHe(int) = 0.06 eV 

[44]) gives rise to extremely high mobility. However, as soon as a He atom finds a vacancy, it 

becomes strongly bound to it (binding energy EbHe(int)-V = 2.3 eV [44]) and the He-V complex is 

practically immobile at RT [45]. The mean free diffusional path of a species given by x = 2√(Dt), 
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where D and t are diffusivity and a reference time, respectively, has to be compared with characteristic 

lengths of the microstructure such as grain size and interparticle spacing. 

With this background, we are prepared to address findings (1) to (7) listed above: 

(1) Irradiation hardening is assumed to be mainly due to dislocation loops in the SB case and 

additionally to He bubbles in the DB case. Many studies (e.g. [46,47] reported evidence for loop 

formation under irradiation at RT. Substantial hardening due to nanovoids can be excluded because of 

the low mobility of vacancies and small vacancy clusters as well as the excess of interstitials. The 

excess interstitials were also reported to suppress the formation of Cr-rich α’-phase particles [27]. 

Moreover, it is reasonable to assume that the oxide nanoparticles are stable under the present 

irradiation conditions [48,49] and do not significantly alter their intrinsic hardening contribution. For 

the DB case, He bubbles formed in the matrix are expected to contribute to irradiation hardening, 

while bubbles associated with grain boundaries (GBs) or particle-matrix interfaces can be assumed to 

be of minor significance, because GBs and particles contribute to hardening anyway. 

(2) The smaller the grain size the higher the fraction of interstitials that can be trapped in GBs [11,50]. 

These interstitials can lose their identity or can be reemitted to recombine with matrix vacancies 

according to the mechanism proposed in [51]. In any case, the smaller the grain size, the more 

interstitials are removed from the system. The removed interstitials are no longer available for loop 

formation and hardening. The same reasoning can be put forth for dislocations, the density of which is 

higher for the fine-grained regions. 

(3) Obviously, the particle-matrix interface is incapable of efficiently trapping interstitials, the most 

stable configuration of which is the <110> dumbbell. As incoherent boundaries generally can trap 

interstitials, this must be a consequence of the coherency of the interfaces. 

(4) See (2). Additionally, GBs are known to be efficient traps for He atoms. On the one hand, these He 

atoms are removed from the matrix and, therefore, not available for the formation of He bubbles in the 

matrix. On the other hand, He atoms or bubbles at the GB are expected to alter the hardening 

contribution, posed by the GBs anyway, only marginally. 

(5) Obviously, the coherent particle-matrix interfaces can efficiently trap He atoms. This idea was put 

forth earlier and has been rationalized recently [52]. On the one hand, these He atoms are removed 

from the matrix and, therefore, not available for the formation of He bubbles in the matrix. On the 

other hand, He atoms or bubbles associated with oxide nanoparticles are expected to alter the 

hardening contribution, posed by the particles anyway, only marginally (see also (4) above). 
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(6) As He implantation is added to the self-ion irradiation, higher hardening is what one would 

naturally expect. The extra hardening may be due to He bubbles in the matrix, in particular in cases, in 

which He is not efficiently trapped in GBs or particle-matrix interfaces. This is the case for material A. 

(7) This result is counterintuitive and no rationalization was found in the literature. Apparently, He 

atoms or bubbles trapped at coherent interfaces give rise to additional trapping of self-interstitial 

atoms. 

 

5. Conclusions 

Two ODS nanoferritic Fe-14Cr-based alloys and a Y-free reference alloy produced via mechanical 

alloying and consolidation by spark plasma sintering were characterized by means of EBSD, SANS, 

APT and TEM and exposed to single-beam (Fe) and dual-beam (Fe + He) ion irradiations at RT. The 

microstructure characterization of the ODS alloys revealed bimodal grain-size distributions and 

dispersions of mainly coherent oxide nanoparticles of types Y2Ti2O7 and Y2TiO5 in the size range from 

0.5 to 3 nm (radius). Nanoindentation testing in the fine-grained and coarse-grained regions allowed 

irradiation hardening to be considered as a function of grain size.  

We have found that the irradiation-induced hardness increase depends only on grain size for single-

beam irradiations, but on both grain size and particle number density for dual-beam irradiations. This 

sheds a light on the role of GBs and coherent particle-matrix interfaces in the evolution of irradiation-

induced defect clusters and helium management. In particular, the coherent interfaces seem to trap He 

but not self-interstitials (in the absence of He). 

While most of the observations were found to be consistent with existing insight on defect formation 

and defect-interface interaction, reduced hardening due to DB irradiation as compared to SB 

irradiation is counterintuitive and requires further consideration. 
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