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Abstract 

  

Thin foils of AISI 316L stainless steel were irradiated in-situ in a transmission electron 

microscope (TEM) with 325 keV Xe ions at 550°C at three different fluxes to study flux effects. 

The kinetics of the radiation-induced precipitation and the evolution of the precipitates were 

found to be correlated with the irradiation flux. At lower fluxes (1 and 2 × 1012 ions∙cm-2∙s-1), 

cascade mixing played an important role in the accumulation of point defects within the 

austenite matrix, facilitating the formation of clusters which act as sinks for heterogeneous 

nucleation of precipitates with high areal density. At the highest flux (4 × 1012 ions∙cm-2∙s-1) the 

cascade mixing favours the recombination of vacancies and interstitials which supresses the 

growth of existing precipitates beyond a certain total damage level. The results agree with a 

previous radiation-induced precipitation (RIP) model proposed by Wiedersich, Okamoto and 

Lam and further studied by Bruemmer, but a small modification is proposed when the flux is 

closer to the vacancy-interstitial recombination limit. 
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1. Introduction 

 

Structural components to be used in nuclear reactors must meet several engineering criteria 

depending on the specific range of conditions expected during the operational lifetime of the 

component. Since the beginning of the construction of Generation II Advanced Gas-Cooled 

Reactors (AGRs) in the 1960s, austenitic stainless steels (designated AISI-300) have been 
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widely used as structural components for fuel cladding (the tubes which surround the fuel 

pellets) due to their high-temperature corrosion resistance and mechanical strength [1]. 

Austenitic stainless steels are also candidate materials for future Generation IV reactors such 

as super-critical water-cooled reactors (SCWRs) or lead-cooled reactors (LCRs) which will 

operate at higher temperatures and to higher irradiation fluences [1], [2]. The spatial variation 

of neutron flux within the core of a nuclear reactor presents a challenge for in-core material 

selections as this will result in different dose rates across the fuel assemblies. Therefore, the 

stability under different experimental conditions should also be considered when studying these 

materials. 

Radiation damage affecting metal alloys, as well as other structural components of 

nuclear reactors, is a well-studied area [3],[4],[5],[6],[7],[8]. Radiation-induced segregation 

(RIS) and radiation-induced precipitation (RIP) present very important challenges when it 

comes to damage caused by irradiation which can significantly affect structural properties and 

long-term stability of the materials within nuclear reactors. The effects of experimental 

conditions and material variables due to RIS have been reviewed by Okamoto and Rehn in 

binary and ternary alloys [9] while a theory explaining RIS in concentrated alloys was proposed 

by Wiedersich et al. [10]. Jiao et al. [11] analysed the segregation and depletion of solute 

elements along grain boundaries in 304 stainless steel alloys and the way in which it affects 

RIP. Etienne et al. [12] observed Ni and Si enrichment and Cr depletion at grain boundaries in 

316 stainless steel subjected to 10 MeV Fe ion irradiation and showed that there is a greater 

annihilation of point defects at GBs in ultrafine-grained than in coarse-grained 316 austenitic 

steels [13]. The influence of RIS, RIP and irradiation-assisted stress-corrosion cracking 

(IASCC) on the stability and durability of austenitic steels as structural materials in Light Water 

Reactors (LWRs) has also been discussed extensively by Kenik and Busby [14]. 

A recent research study showed that for AISI 316L samples previously implanted with Ar 

and irradiated with 5 MeV Au ions a change in the irradiation temperature can induce the 

formation and evolution of radiation-induced precipitates, which was not observed in the 

samples without the previous Ar implantation.  It was shown that the formation of RIP is highly 

dependent on the previous concentration of vacancies [15]. Also, by changing the ion from Au 

to Ag and subjecting the AISI 316L samples to the same total amount of damage and 

temperature results in a change in the microstructure due to the larger production of vacancies 

in the denser collision cascades of Au [16]. 

In their work, Wiedersich, Okamoto and Lam (WOL) developed a model to analyse the 

influence of irradiation temperature and irradiation flux on RIS in austenitic stainless steels 



   
 

from the 300 series [9,10,17]. It was reported that RIS happens only within a certain range of 

combined temperature and flux. If the temperature is high enough and/or the flux is low enough, 

the increase in the thermal equilibrium concentration of vacancies prevents RIS; similarly, the 

recombination of vacancies with interstitials occurs at high fluxes and/or low temperatures [18]. 

These limits for RIS might affect the evolution of the microstructure of 300 series steels used 

as component materials for nuclear reactors and limit the use of different sources of irradiation 

to compare with the damage caused by neutrons. 

The ion implantation technique is commonly used to induce radiation damage effects in 

materials for comparison with the damage generated due to neutron irradiation in a reactor [19], 

[20], [21], [22]. Displacements-per-atom (dpa) is a unit used to give an estimation of the damage 

induced in a material based on the average number of displacements suffered by the atoms from 

their lattice points. It can be calculated, in ion irradiation experiments, using The Stopping and 

Range of Ions in Matter (SRIM) Monte Carlo code [23]. For neutron irradiations dpa are 

generally calculated using  the Norgett-Robinson-Torrens (NRT) model[24]. However, it is not 

clear that irradiation to an identical estimated dpa level with ions and neutrons will, in reality, 

yield the same damage level and/or morphology.[25]. Some adjustments to provide a more 

accurate comparison of total damage caused by different irradiation sources is a topic frequently 

discussed in the literature [26], [27]. For example, Mansur et al. showed that to better emulate 

neutron damage using ions a shift should be applied to the irradiation temperature as predicted 

via invariance theory [26]. Nordlund et al. [27] demonstrated that the NRT model overestimates 

the number of defects generated and underestimates the number of atom replacements in dpa 

calculations. Materials Test Reactors (MTRs) are commonly used to test structural materials 

under the experimental conditions inside power generation reactors. Nonetheless, using ion 

irradiation, it is possible to achieve high damage levels in a matter of hours (instead of years 

for a nuclear reactor) without activating the material under investigation [28]. 

In the current work, we report on the formation of precipitates in AISI-316L steel under 

in-situ Xe ion implantation for three different fluxes at 550°C within a transmission electron 

microscope (TEM) in the Microscope and Ion Accelerators for Materials Investigations 

(MIAMI-2) system at the University of Huddersfield [29]. Statistical analysis from bright-field 

TEM (BFTEM) images using Fresnel phase contrast and selected-area electron diffraction 

(SAED) were used to characterise the precipitates formed. It will be shown that the nucleation 

and growth of precipitates can vary significantly with irradiation flux and a deviation from the 

predicted limit in the WOL model discussed above will be proposed. 

 



   
 

2. Materials and Methods 

 

Commercial AISI-316L stainless steel in the form of 200 µm thick sheet was used as a 

starting material. To obtain electron transparent foils, 3 mm discs were cut from the sheets using 

a Gatan Model 3195 disc puncher and subsequently electropolished using a 10% perchloric 

acid and 90% methanol solution using a Tenupol-5 electrochemical jet polisher to obtain 

regions of about 100 nm thick. The samples were then subjected to an in-situ Xe ion irradiation 

with 325 keV ions in the MIAMI-2 irradiation system at the University of Huddersfield in 

which microscopy and analysis are carried out using a Hitachi H-9500 TEM equipped with a 

LaB6 filament. In this system, the ion beam makes an angle of 18.7° with the electron beam 

[29]. In addition to TEM imaging to show the formation of precipitates, SAED was also used 

to analyse the crystalline precipitates that formed in the matrix. The SRIM code was used in 

Kinchin-Pease (KP) mode to obtain the implantation and damage profiles as shown in fig. 1a 

and fig. 1b, respectively, for 316 stainless steel with a 100 nm thickness. The displacement 

energy, Ed, was set to 40 eV for the elements in the steel matrix [30]. The dpa profile (fig. 1b) 

reveals the varying damage levels as a function of target depth with peak dpa at a depth of about 

30 nm. The end fluence used in all experiments (Ф = 8×1015 at.cm-2) was calculated to generate 

an average damage (for the 100 nm of thickness) of 20 dpa and the flux, Φ, was varied from 

1×1012 ions·cm-2·s-1 to 4×1012 ions·cm-2·s-1 to achieve different average dpa rates (Table 2). All 

Xe irradiation experiments were performed at a temperature Ti = 550 °C and at high vacuum 

(P ≈ 10-7 mbar). 

  

 

Figure 1: SRIM calculations in Kinchin-Pease(KP) mode for a 100 nm thick AISI 316L stainless 

steel sample irradiated with 325 keV Xe ion showing (a) the implantation profile and (b) the 

damage profile for a fluence of Ф = 8 × 1015 ions.cm-2. 



   
 

Table 1: Nominal composition in weight percentage of AISI 316L austenitic steel. 

AISI 

[wt%] 

C 

max. 

Mn 

max. 

Si 

max. 

P 

max. 

S 

max. 

Cr Ni Mo Fe 

316L 0.03 2 0.75 0.045 0.03 16-18 10-14 2-3 Balance 

 

Table 2: Flux and duration of Xe experiments. 

Flux [ions·cm-²·s-1] Experiment duration 

1×1012 ≈ 2h 

2×1012 ≈ 1h 

4×1012 ≈ 30 min 

 

3. Results 

 

Figure 2 shows bright-field images in underfocus (1000 nm) condition (to obtain the best 

contrast for voids and bubbles, which appear as white dots surrounded by dark Fresnel 

fringes[31]) for three different samples (corresponding to the three different fluxes) over several 

steps during the irradiations. Figures 2a, 2b and 2c correspond to the microstructural state of 

the steel matrix before the Xe irradiation (0 dpa) showing the austenitic matrix at the irradiation 

temperature of 550°C. The figures show regions containing grain boundaries and free of pre-

existing precipitates but exhibiting some faint contrast visible in the unirradiated samples under 

defocus condition that can be small cavities or surface roughness.  

After an average damage of 5 dpa (fluence of 2×1015 ions∙cm-²), for the flux of 1×1012 

ions∙cm-2∙s-1 in figure 2d a system of small round crystalline precipitates with a mean diameter 

dm = 10.8 ± 2.0 nm is observed to form in the matrix. At the intermediate irradiation flux of 

2×1012 ions∙cm-²∙s-1 shown in figure 2e, the system of precipitates presents a higher areal density 

with a mean diameter of dm = 20.5 ± 2.6 nm. In figure 2f, the image shows an inhomogeneous 

system of precipitates and a bigger range of diameters with a mean diameter dm = 31.9 ± 7.1 

nm for the highest flux of 4×1012 ions∙cm-²∙s-1. 

Figures 2g, 2h and 2i show the images corresponding to irradiations after an average 

dose of 10 dpa (fluence of 4×1015 ions∙cm-²) and for all fluxes there was a small increase in the 



   
 

mean diameter of precipitates reaching 11.6 ± 2.0, 22.9 ± 3.5 and 33.3 ± 9.2 nm for the low, 

intermediate and high fluxes, respectively. 

Figures 2j, 2k and 2l show the images for the samples irradiated to 15 dpa (6×1015 

ions∙cm-²). For the smallest irradiation flux used, the system of precipitates showed a slight 

increase compared to the 10 dpa case in the mean diameter, reaching a value of d m = 14.1 ± 2.3 

nm. For the intermediate irradiation flux, there is the presence of bigger precipitates, indicating 

that at this point there is a higher agglomeration of the precipitates. For this case, there is a leap 

in the mean diameter value, reaching dm = 35.64 ± 6.02 nm. For the highest flux case, the 

behaviour of the precipitate system remains stable, with a slight increase in the mean diameter, 

reaching dm = 35.8 ± 8.9 nm.  

The microstructures of the AISI 316L samples after irradiation (i.e. 20 dpa at a fluence 

of 8×1015 ions∙cm-²) are shown in figures 2m, 2n and 2o. As in previous cases, the sample 

subjected to the lowest irradiation flux did not present significant changes with increasing 

irradiation fluence, leading to a final mean precipitate diameter of dm = 15.9 ± 2.9 nm. For the 

intermediate flux, again there is a significant increase in the mean precipitate diameter 

indicating that for this combination of flux and temperature the increase in the total damage 

favours the cluster agglomeration and growth of the precipitates. The final average diameter of 

precipitates in this case was 49.3 ± 9.9 nm. For the highest irradiation flux, a decrease is 

observed for the last 5 dpa of irradiation indicating a stability of the precipitation system with 

fluence at this flux level with the final mean diameter being 32.8 ± 9.1 nm. Table 2 summarizes 

the distribution of mean diameters with flux for the different doses and Figure 3 shows the 

linear fittings for the three different irradiation fluxes with increasing fluence. 



   
 

 
Figure 2: BFTEM micrographs for the three samples irradiated at the three different fluxes 
(1×1012, 2×1012 and 4×1012 ions·cm-2·s-1) at different fluence steps. Note: all the micrographs 

in the figure have the same scale.  
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Table 3: Average precipitate sizes (diameter) for the irradiation conditions studied in this 

work. 

Fluxes[ions∙cm-2∙s-1] 5 dpa 10 dpa 15 dpa 20 dpa 

1×1012 10.8 ± 2.0 nm 11.6 ± 2.0 nm 14.1 ± 2.4 nm 15.9 ± 2.9 nm  

2×1012 20.5 ± 2.7 nm 22.9 ± 3.5 nm 35.6 ± 6.0 nm 49.4 ± 9.9 nm 

4×1012 31.9 ± 7.1 nm 33.3 ± 9.3 nm 35.8 ± 8.9 nm 32.8 ± 9.1 nm  

 

 

Figure 3: Average diameter of precipitates for the three different fluxes as a function 

of the average dpa value and their corresponding R² values.  

Figure 4 shows the selected area electron diffraction (SAED) patterns for the three 

different fluxes before and after the irradiation to the total fluence. For all cases, at 0 dpa extra 

crystalline spots are observed in addition to the matrix ones indicating the presence of small 

crystalline clusters/precipitates before irradiation. With increasing damage level, the formation 

of crystalline Debye-Scherrer diffraction rings indicates the growth of pre-existing precipitates 

and the nucleation of new ones throughout the matrix. Comparing the 0 and 20 dpa SAED 

patterns for the lowest irradiation flux, a slight increase in the number of spots and intensity of 

the rings was observed but not enough to detract from the matrix signal indicating that a 

significant part of the matrix did not transform into precipitates and the precipitates do not 

present a very high areal density. For 2×1012 ions·cm-²·s-1, the 20 dpa SAED pattern shows a 

high number of defined diffraction rings of enough intensity to supress the diffraction spots 



   
 

coming from the matrix. This indicates that the precipitates are present with a high number 

density and that a significant proportion of the matrix undergoes transformation into 

precipitates. In the highest flux case, it is observed that the rings are well defined but, in some 

orientations, along certain directions, they present a brighter intensity indicating that the 

precipitates have preferential orientations along which to grow or that the specimen has tilted 

into an orientation that favours these reflections.  

  

 

Figure 4: SAED patterns for the three distinct fluxes (1×1012, 2×1012 and 4×1012 ions·cm-2·s-1) at 

0 and 20 dpa as average damage level. 

4. Discussion 

 

From the images presented in Figure 2, it can be observed that RIP takes place early in the 

process of Xe irradiation for all three fluxes. When a Xe ion impacts on the crystalline structure 

of AISI 316L, it can displace several atoms from their lattice positions which, depending on the 

kinetic energy transferred from the ion, can displace further atoms creating a collision cascade. 

Some defects will recombine and others will remain in the matrix as defects. Therefore, each 

ion creates a collision cascade that provides a density of defects that will diffuse and 

agglomerate forming defect clusters. These defect clusters act as nucleation centres for 



   
 

precipitates [32]. After nucleation, the growth of the precipitates is assisted by the diffusion of 

defects at the irradiation temperature of 550 °C. 

The three different fluxes present different time intervals for a following incoming ion to 

impact on an area that has been previously impacted sample which may affect the stability of 

defect clusters and affect their ability to grow. Using the SRIM code in full cascade mode, it is 

possible to estimate the radius of a collision cascade for a 325 keV Xe ion as approximately 15 

nm. Using this value, combined with the flux it is possible to determine the average time interval 

for a following ion to impact upon the same area and interact with the cascade created by the 

previous ion, leading to cascade mixing. This cascade mixing is estimated based only on the 

projected volume of the cascade collision for one Xe ion, not considering the expansion of the 

interaction volume with time which may be caused by the migration of defects. Figure 5 shows 

the time interval for the following ion to hit the area created by a collision cascade of radius R. 

 

Figure 5: Time interval between two consecutive ions hitting the same area in function of the 
collision cascade radius. 

For the predicted approximate radius of the collision cascade for a Xe ion of 15 nm, the 

time interval between two consecutive ions is ≈ 35, 70 and 140 ms for the fluxes of 4, 2 and 

1×1012 ions∙cm-2∙s-1, respectively. According to Was [33], the annealing and defect migration 

after a cascade collision lasts up (in general) to the second scale (Figure 6). This implies that 

when the next ion comes, defects created in a previous cascade are still migrating and can suffer 

interference from the incoming ion. 

10 11 12 13 14 15 16 17 18 19 20

0

25

50

75

100

125

150

175

200

225

250

275

300

325

350

 

 

ti
m

e
 (

m
s

/i
o

n
)

Cascade Radius (nm)

1 x10
12

 ions.cm
-2

.s
-1

2 x10
12

 ions.cm
-2

.s
-1

4 x10
12

 ions.cm
-2

.s
-1



   
 

 

Figure 6: Timescale of events after the collision of an ion with a material[33]. 

For the irradiation flux of 1×1012 ions∙cm-2·s-1, the precipitates present a growth in the mean 

diameter with increasing fluence, starting at 10.8 ± 2.0 nm at 5 dpa and reaching 15.9 ± 2.9 nm 

at 20 dpa. Considering the constant temperature of 550°C maintained during each experiment, 

for the irradiation flux of 1×1012 ions∙cm-2·s-1 we assume that there is no significant cascade 

mixing, considering that the time interval between two consecutives ion to hit the same area is 

≈ 140 ms, meaning that when each ion reaches the sample there are no significant mixing with 

defects from previous cascades that affects the process of nucleation and growth of precipitates. 

For the intermediate irradiation flux, at 5 dpa the average diameter of 20.5 ± 2.7 nm was 

almost twice that for the smallest flux. This is an indication that, for this flux, cascade mixing 

from consecutive ions is now occurring. In other words, it becomes likely that any given ion 

can hit the sample and generate a cascade in a volume in which the recombination and/or 

diffusion of point defects due to an earlier ion has not yet completed; this then means that the 

defect concentration is still significantly elevated above equilibrium enabling increased 

agglomeration of interstitials and consequently the nucleation and growth of precipitates. For 

10 dpa, there was a slight increase in the mean diameter to a value of 22.9 ± 3.5 nm. Although, 

at 15 dpa, the increase in the mean diameter value was higher, reaching 35.6 ± 6.0 nm. This 

phenomenon might be explained by an absence of nucleation of new precipitates, considering 

the hypothesis that the free energy for precipitates to grow is smaller in this case than the 

nucleation energy. In this case, it is favourable for the existing precipitates to grow, resulting 

in an increase in the mean diameter. A similar result was observed for the last 5 dpa of 

irradiation to 20 dpa, in which the final mean diameter reached a value of 49.3 ± 9.9 nm. 

After 5 dpa of damage for the highest irradiation flux, a mean diameter of 31.9 ± 7.1 nm 

was measured which was bigger than both previous cases for smaller fluxes. Again, it is 

expected that this is due to an increase in the cascade mixing as described above. A slight 

increase occurred up to doses of 15 dpa to 35.8 ± 8.9 nm. After this point, the mean diameter 

showed a small decrease to reach a final value of 32.8± 9.1 nm at 20 dpa. This reduced growth 

rate can be explained by the dissolution of growing clusters, which is more evidently observed 

only for the second half of the experiment. The increased irradiation flux and consequent 

increase in the cascade mixing will likely lead to an increase in the ballistic collisions suffered 



   
 

by the migrating clusters which prevented their agglomeration, mitigating the growth and the 

formation and growth of precipitates. We can also observe, considering the effects created by 

different fluxes, that the time interval between two consecutive ions is very important to 

determine whether the precipitation growth will be enhanced or supressed by irradiation – only 

a few tens of milliseconds appears to be sufficient to change the dominant effect. 

Linear fittings presented in figure 3 (along with R² coefficient of determination) show that, 

for the fluxes of 1×1012 and 2×1012 ions∙cm-2∙s-1, the mean diameter follows a rather linear 

growth throughout the irradiation process. For the 4×1012 ions∙cm-²∙s-1 flux, the R² indicates that 

the average diameter does not follow a linear behaviour with increasing fluence. According to 

Bruemmer et al. [18], this can be explained because for the same irradiation temperature, there 

is a certain level of irradiation flux where RIS is supressed due to the recombination of 

vacancies with interstitials. For this case, a high concentration of defects is produced and the 

thermal diffusion, as well the thermal equilibrium concentration of vacancies, are kept constant 

so these defects do not migrate long distances when a new ion hits the sample, and they mostly 

suffer collision with the cascade generated by the incoming ion, leading to recombination, 

supressing the agglomeration and, consequently, the formation of precipitates. This model 

proposes an interval where only radiation-induced-segregation (RIS) occurs, delimited by a 

combination of temperature and irradiation flux.  

The results obtained in this work lies close to the lower limit of the curve proposed by 

Wiedersich, Okamoto and Lam, where the recombination of vacancies and interstitials starts to 

mitigate RIS, as discussed above [10,34]. Furthermore, the evidence shown in this present work 

suggests a non-linear relationship between the irradiation flux and the temperature  in the 

WOL’s model close to its lower limit (i.e. when the flux is high enough to induce RIS but not 

high enough so recombination of vacancies with interstitials suppress RIS), where the fluence 

plays an important role to drive the austenite phase towards a more stable thermodynamic 

equilibrium. This represents a deviation of the original straight line predicted by the model. 

Considering the chemical composition of the alloy used in this work and the occurrence of 

RIP as well as its accelerated kinetics by RIS reported in the literature under similar irradiation 

conditions[35], we assume that the precipitates observed in this work are probably carbide 

phases, most likely the M23C6, since this phase presents higher stability (compared to other 

carbide phases, as M6C and MC) under thermodynamic equilibrium within the austenitic matrix 

at this temperature[36]. Electron diffraction Debye-Scherrer rings did not provide a full 

capability to identify the precipitates, due to imprecisions and lack of resolution in the 

measurement of rings leading to an inability to discriminate between two different carbide 



   
 

phases, as they have very similar lattice parameters. Furthermore, chemical characterization via 

STEM-EELS (Electron Energy Loss Spectroscopy) would be required to better identify the 

precipitates in future work, as the probe size provides a better resolution for the measurement 

and the Electron Energy Loss Spectroscopy has a higher resolution for low-Z elements, like 

carbon. 

 

5. Conclusions 

 

The microstructural evolution of the AISI 316L steel matrix under Xe ion 

implantation/irradiation at three different irradiation fluxes (thus three different average 

damage rates), at the same irradiation temperature of 550 °C and to the same total fluence was 

studied with a focus on the formation and nucleation of radiation-induced precipitates (metallic 

carbides).  

For the two lower fluxes (1×1012 and 2×1012 ions·cm-2·s-1) a linear relationship between the 

size and areal density of the precipitates with increasing damage was observed. Such 

experimental observations are in good agreement with the RIP model proposed by Wiedersich, 

Okamoto and Lam. However, at the higher flux (4×1012 ions·cm-2·s-1) a reduction in the size of 

the precipitates for the interval 15-20 dpa was observed. Therefore, it is proposed that the 

possible cascade mixing due to an increase in the flux may significantly affects both kinetics of 

diffusion and agglomeration of defects. An increase in the cascade mixing may lead to faster 

clustering of displaced lattice defects, thus resulting in an increase of precipitates sizes and their 

areal density, as observed in the experiments with fluxes of 1×1012 and 2×1012 ions·cm-2·s-1. At 

the same time, the cascade mixing can also contribute to the dissolution of clusters and 

precipitates which could explain such a trend in size reduction at higher doses. Therefore, the 

major conclusion of this present investigation is that the phenomenon of RIP in austenitic 

stainless steels is not necessarily linear with the irradiation flux for a fixed irradiation 

temperature. 

In this way, the slight non-linear deviation in precipitate sizes as a function of dose that 

was observed at higher fluxes may be an indication that earlier RIP models need to be modified 

to include such considerations of cascade mixing when the irradiation conditions are closer to 

the recombination limit.  

This work also indicates an interesting limitation on the use of ion irradiation to emulate 

the behaviour of nuclear reactors, because due to the lower interaction of neutrons, it is not 

possible to achieve such effects of cascade mixing, especially at a level high enough to supress 



   
 

the precipitation growth. This implies that we need to be careful when using one of the most 

advantageous effects of ions to emulate neutrons: the defect formation rate. Whilst it is possible 

to achieve with ions the amount of damage in a matter of hours that would take years in a 

nuclear reactor environment, increasing the ion irradiation flux to accelerate the damage may 

lead to undesirable effects and mislead interpretations.  

Further experimental studies at atomic level or using molecular dynamics simulations 

are needed to assess the stability of defect clusters (and prior growth of extended precipitates) 

under irradiation.  
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