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Abstract. A Beryllium will be used as neutron multiplier material to increase the tritium 
breeding ratio (TBR) in fusion reactors. Since pure beryllium becomes brittle and swells under 
neutron irradiation we must understand its physical, chemical and mechanical evolution during 
irradiation. The chemical reactivity of beryllium is a factor of major concern since the 
oxidation of beryllium at temperatures above 800 °C can become an uncontrollable process. As 
the blanket of the fusion reactor will withstand temperatures in the 600 to 900 °C range it is 
crucial to understand the chemical behaviour of neutron-irradiated Beryllium under these 
conditions.  
In this work we present a detailed study of chemical composition and reactivity of Be pebbles 
after exposure to neutron irradiation, up to 3000appm He production, during the HIDOBE-01 
campaign. The chemical composition of the irradiated samples was studied using ion beam 
analysis (IBA). Also the possible influence of the irradiation on the oxidation kinetics of Be 
was assessed. To get information on this issue some samples were oxidized at 700 °C under 
controlled air atmosphere (60% humidity) and a mixture of 40%N2 +60%O2. The thickness of 
the oxide layer was measured by Rutherford Backscattering Spectrometry (RBS) and the 
structural changes and surface morphology were followed by SEM. The results show the 
growth of a protective BeO layer indicating a diffusion mediated process following a parabolic 
law. 
 

 

 



 
 
 
 
 
 

1. Introduction 
Beryllium is foreseen as the principal candidate to be used as neutron multiplier material to increase 
the tritium breeding ratio (TBR) in the next generation of fusion reactors. The reference breeding 
blanket design uses beryllium both as a plasma-facing component and as a neutron multiplier in the 
form of a pebble bed [1]. In fact, the design of such breeder blanket using lithium ceramics pebbles 
and RAFM steel as structural material refers the use of Be pebbles to increase the neutron number (9Be 
+ n → 2.4He + 2n). Since pure beryllium becomes brittle and swells under neutron irradiation we must 
understand its physical, chemical and mechanical evolution during irradiation [1-3]. 
The chemical reactivity of beryllium is also other factor of concern in the water cooled design. Indeed, 
in case of a loss-of-coolant accident (LOCA), the exothermal reaction between beryllium and steam, 
leading to hydrogen release (Be + H2O → BeO + H2 + heat) must be prevented [4]. The oxidation of 
beryllium at temperatures above 700 °C is an uncontrollable [5]. Since the fusion power plants blanket 
will withstand temperatures in the 600 to 900 oC range it is crucial to understand the chemical 
behaviour of the irradiated Be pebbles due to structural and safety reasons.  
In this work we present a detailed study of chemical composition and reactivity of Be pebbles exposed 
to a neutron flux during the so called HIDOBE-01 campaign in the High Flux Reactor in Petten 
(HFR). The temperatures during irradiation were in the relevant regime for breeder blanket (425 °C -
750°C). The pebbles were irradiated up to 3000 appm He production. The chemical composition of the 
irradiated samples was studied using ion beam analysis (IBA). The distribution of minor impurities 
and the possible precipitation during the irradiation was assessed using the ion microprobe with a 
lateral resolution of 2 micrometer. Defects produced by the irradiation can lead to different diffusion 
mechanisms promoting the precipitation of second phases with a significant impact on the mechanical 
properties. 
On the other hand the development of new microstructures during irradiation could influence the 
oxidation kinetics of Be. To get information on this issue some samples were oxidized at 700 oC under 
controlled air atmosphere with a relative humidity (H2O water vapour) of 60 %. Other set of samples 
was annealed in a N2+O2 atmosphere to study the influence of the oxygen content in the oxidation 
process. The isothermal annealing was done for different time intervals up to 18 h. The thickness of 
the oxide layer was measured with ion beam techniques, in particular Rutherford Backscattering 
Spectrometry (RBS) which allows the direct measurement of the thickness and an equation was 
derived for the oxidation rate. The structural integrity of the pebbles was monitored with electron 
scanning microscopy (SEM). 
 

2. Experimental Details 
The material used in this study consisted of 1 mm NGK Be pebbles provided by JAERI, irradiated in 
HIDOBE-01 campaign.  3 pebbles of each batch were measured from 47spc/2: unconstrained 1.0 mm 
(2001) NGK pebble irradiated at 425oC. 
 
The impurity content and oxide layer were monitored using a 2 MeV focused helium beam (3x4 µm2) 
scanned over the samples in the nuclear microprobe installed at CTN, Lisbon, one of the beams lines 
on the 3.1MV single ended Van de Graaff accelerator [6]. The produced X-rays (PIXE technique) 
were collected with a 145 eV resolution Si(Li) detector positioned at 45º to the beam direction. A Si 
particle detector positioned at 40º to the beam direction was simultaneously used to detect 
backscattered particles (RBS technique) then allowing elemental mapping of Be and also determining 
the surface oxidation extent. In some of the samples the O signal was strong enough to allow mapping 
the O surface distribution. For each of the samples, a small region in the pebble centre was analysed in 
order to determine, by RBS, the extension of the oxidized layer. The O content and depth distribution 
was obtained using the NDF software code [7]. 
Scanning electron microscopy was used to study the surface microstructure. Some selected samples 
were observed by SEM to assess the structural changes during the oxidation process. 



 
 
 
 
 
 

For the oxidation studies we follow the process on a two set of 3 pebbles, selected taking into account 
the initial O content, which  was very low and the pebbles were more regular in shape. Moreover since 
the all the pebbles were subject to the same neutron fluence we do not expect significant differences 
oxidation behaviour even if the irradiation temperature was different. 
Two sets of pebbles were oxidized at 700 ºC during several hours in two different atmospheres: a) in 
air, with relative humidity higher in the range 55-60 %; in a controlled atmosphere composed of 60% 
O2 and 40% N2. The annealing time steps, in both cases were: 1h, +2h, +5h, +10h (total of 18h). The 
experimental set-up are shown in figure 1. We use a tubular furnace and the pebbles were placed in a 
quartz crucible inside the quartz tube. For the annealing in 60% O2 and 40% N2 atmosphere we first 
made vacuum ( ~10 -6 mbar) in the quartz tube before circulating the mixture. The temperature was 
continuously monitored with a thermocouple in contact with the crucible. 

 

Figure 1. Schematic diagram of the tube furnace used. (1) Flow controller, (2) temperature controller, 
(3) tube furnace, (4) quartz tube, (5) vacuum pump, (6) sample. 

 

3. Results and Discussion 
The SEM images of the pebbles before the oxidation confirm the regular shape observed by IBA but 
with additional information on the surface morphology as we can see in figure 2 



 
 
 
 
 
 

 

Figure 2. SEM images of a Be pebble before oxidation, after 18 h oxidation in air and after 18 h oxidation in 
O2+N2 

 
The major features are the presence of small grains covering the surface and the concentration of BeO 
along the grain boundaries (white regions). After 18 h oxidation air the pebbles retain the shape after 
oxidation. The protuberance in this particular pebble is not related with the oxidation process. The 
surface shows some steps where spongy structures developed. The grains are still visible over the 
entire oxide surface. After 18 h in N2+O2 the results do not differ from the previous ones. The 
presence of grains dispersed over the surface are clearly visible as well as the laminar/spongy like 
structures along the grain boundaries. 
To get information on the composition of the grains we did Energy-dispersive X-ray spectroscopy 
(EDX), present in figure 3. The EDX shows the presence of several metallic species suggesting the 
presence of mixed oxides in the grains. 
 
 



 
 
 
 
 
 

 

Figure 3. SEM image of a grain and respective composition. 
 
The elemental maps measured for the pebbles after each annealing step were very similar for both 
the pebbles oxidised in air (relative humidity 55-60% H2O) and 60%O2+40%N2. Below are the 
results measured for the pebbles oxidised in 60%O2+40%N2 atmosphere. Only the elemental maps 
with enough counting statistics are presented in fig. 4. For each of the samples, a small region in the 
pebble centre was analysed in order to determine, by RBS, the extension of the oxidized layer. 
The O content and depth distribution was obtained using the NDF software code [7]. 
 



 
 
 
 
 
 

 

Figure 4. 1320×1320 μm2 Elemental PIXE maps of Be, O, S and Ca distribution before and after 
oxidation by annealing at 700 ºC in 60%O2+40%N2 atmosphere  

 
The O and Be maps show that the BeO scale is very homogeneous covering all the surface of the 
pebbles. Since the resolution is lower than the SEM we could not distinguish any of the details visible 
in the SEM images, fig. 2. 
The average thickness of the oxide scale was measure over an area of 2500 µm2. The RBS spectra 
obtained for the sample oxidised in air after two annealing steps are shown in figure 5.  



 
 
 
 
 
 

 
Figure 5. RBS spectra of a pebble before and after the thermal treatments depicted in the figure  

 
The height and width increase of the O peak indicates that the amount of oxygen and width of the 
oxide layer is increasing. 
The results were analysed with the NDF code [7] to extract the thickness of the oxide layer after each 
annealing step and are represented are shown in figure 6 where we omitted some steps for clarity. 

 

Figure 6. Oxygen profiles results of the NDF analysis and the Gaussian fit curves to Oxygen profile for the 
pebble annealed 18 h.  

 

We observe the formation of a stoichiometric BeO scale at the surface and a long tail of oxygen profile 

into the bulk of the pebble. This result indicates a long range diffusion of oxygen into the pebbles 



 
 
 
 
 
 

probably along the grain boundaries promoting some internal oxidation of the pebbles. The SEM 

results also show evidence for the presence of large concentrations of oxide along the boundaries.  

The thickness of the oxygen profile was plotted versus the annealing time for the two oxidizing 

atmospheres, shown in figure 7. 

 
Figure 7. – Full width at half maximum (FWHM) of the oxygen profile versus the annealed time.  

 
The results were fitted with a parabolic law [8]: x = x0 + ( k t )1/2, where x0 is the initial native oxide 
layer, k oxide rate constant and t the time. The best fit could only be achieved considering the first 
annealing’s up to 8 h. 

 
Table 1. rate constant for Full width at half maximum (FWHM) of the oxygen profile versus the annealed 

time. 

annealing 
time 

60% O2 60% H2O 

0  h 89 ± 2,7 90 ± 3,2 
1  h 100 ± 2,3 - 
3  h 101 ± 2,7 143 ± 1,6 
8  h 107 ± 2,3 180 ± 2,9 

18  h 102 ± 2,5 170 ± 5,3 
Equation x = x0 + (kt)1/2 

x0 90 ± 1 90 ± 1 
k 42 ± 9 970 ± 27 

 
 



 
 
 
 
 
 

 
 
 

4. Discussion: 
It is well known that Be oxidation is a complex process with a strong dependence on the structure. 
Below 650-700 oC the oxidation follows a parabolic behaviour indicating a diffusion mediated 
process. This is explained by the diffusion of Be2+ ions through the oxide layer followed by the 
oxidation at the surface. This regime is very slow and normally a protective oxide layer is formed. 
In the intermediated regime where we are interested we have a more complex behaviour with a 
mixture of parabolic and linear kinetics. The initial parabolic oxide growth is replaced by a linear 
growth due to the cracks developed in the oxide due to the large mismatch between the Be and 
BeO structures and thermal coefficients [9]. Our first results suggest a parabolic type oxidation in 
the first 8 h at 700 oC under air atmosphere with 55-60 % humidity and 60%O2+40% N2. Since 
the oxidation is diffusion mediated process it has a weak dependence on the O pressure. However 
our results point for a large difference on the oxidation rate depending on the atmosphere. The 
oxidation rate is faster in the moisture atmosphere compared to the O2+N2. This difference could 
be related with the lower reactivity of the O2 molecule. In any case the both oxidization processes 
suggest the formation of a protective oxide scale. These results are in agreement with previous 
finding by Druyts et al for unirradiated [10] using thermogravimetric analysis. In our case the 
mass changes were within the sensitivity of the measuring system and we couldn´t draw any 
reliable conclusion form the results. In addition the SEM images and EDX reveal the presence of 
BeO and other mixed oxides in the surface which could be beneficial for the stability of the BeO 
scale and pebbles morphology. 

5. Conclusions  
The composition and oxidation studies performed in irradiated Be pebbles allowed us to say that the 
oxidation of the pebbles irradiated below 525 oC follow the regular parabolic behaviour within the first 
8 h forming a protective BeO layer up to 18 h. The long term stability of this layers needs further 
studies.  
Our results suggest that Be pebbles and Beryllides could be used in fusion reactors up to 14 dpa and 
irradiation temperature below 525 oC without any change on the composition including the BeO 
content. Higher dpa regimes (~ 80 dpa) must be measured to validate the results for applications in 
fusion reactors. 
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