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Graphical Abstract 

 

 

Abstract  

The present paper studies the evolving Be microstructure after high-dose neutron 

irradiation at 660 K, 753 K and 873 K up to 34 dpa and generation of 5524 appm He and 

596 appm 3H. At all three temperatures gas bubbles were observed whereby their average 

size is increasing with the temperature. In addition denuded zones (DZ) formed near grain 

boundaries. Their width increased with irradiation temperature and was found to be 

narrower for grains with a random orientation compared to those with a close to basal 

orientation with respect to the grain boundary. Furthermore, perceptions containing 

elements such as Al, Cr, Fe, Mg, Si as well as U were found inside single grains, often 

attached to dislocation lines, and in the vicinity of grain boundaries, mainly at 660 K and 

753 K.  
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1. Introduction  

Beryllium is considered as an effective neutron multiplier material for the Helium-Cooled 

Pebble-Bed (HCPB) design concept of the tritium-breeding blanket being developed at the 

Karlsruhe Institute of Technology (KIT) [1,2]. Large amounts of helium and tritium will 

be generated by neutron-induced transmutation within beryllium [3]. Accumulation of 

tritium within 300 tons of beryllium pebbles required for the demonstration fusion reactor 

DEMO could imply severe safety and waste processing issues [4]. In order to assess the 

tritium inventory, a fundamental understanding of the evolving microstructure during 

neutron irradiation is necessary.   

In the past various studies of neutron irradiated beryllium have been performed [5–10]. 

However, these irradiations were performed either at low temperatures (< 673 K) [5,9,10] 

or resulted only in relatively low damage and transmutant gas production [6–8]. The region 

with both, high temperature (673 K to 873 K) and high neutron fluencies (> 3 x 1022 cm-2) 

relevant for the HCPB blanket was therefore missing up to now. To simulate the fusion 

conditions with respect to temperature, accumulated damage dose as well as helium and 

tritium production the irradiation campaign HIDOBE-02 was performed in the High-Flux 

Reactor (HFR) in Petten. Between 2005 and 2011 various Be pebbles with diameters 

between 0.5-2 mm were irradiated in 1274 full power days (fpd) in 47 reactor cycles within 

four-years of irradiation. This has led to a damage of up to 34 dpa and a gas production of 

5524 appm He and 596 appm 3H. The HIDOBE-02 campaign is the continuation of the 

HIDOBE-01 program in which approximately half of the helium and tritium production 

was achieved. [11] Results of the microstructural investigations of the HIDOBE-01 

samples can be found in [12–14]. 

During the HIDOBE irradiation some of the pebbles were just loosely filled into drums and 

therefore called unconstrained while the other fraction was pressed into containments and 

therefore called constrained. The present paper studies the microstructural evolution of 

1 mm constrained Be pebbles after the HIDOBE-02 irradiation campaign. A focus is put 

on the development of second phase precipitates which were already observed in earlier 
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publications of irradiated beryllium [9,12] The results of the investigation of the 

unconstrained pebbles can be found elsewhere [15].  

2. Experimental Methods  

The investigated 1 mm Be pebbles were fabricated by the NGK Insulators Ltd., Japan using 

the Rotating Electrode Method (REM). Chemical composition of the pebbles is given in  

Table 1. 

Table 1: Chemical composition of the Be pebbles.  

element content (weight %) 

Be 99.5 

Fe 0.10 

Al 0.07 

Mg 0.05 

Si 0.03 

Cr <0.01 

Co 0.0003 

Ni 0.01 

Cu <0.01 

Mn 0.007 

U 0.0068 

 

The temperatures during the irradiation were measured by thermocouples that were located 

close to the drums containing the Be pebbles. As the temperatures showed large variations, 

average temperatures are used in this work. More details about temperature control during 

this irradiation campaign can be found in [16]. The irradiation parameters are summarized 

in Table 2. Further information about the damage and gas production calculations are 

presented in [17]. 
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Figure 1: Overview of the TEM-sample preparation: (a) light micrograph of the embedded and 

mechanically polished pebbles; (b) surface normal-projected inverse pole figure EBSD orientation 

map of one pebble cross-section, (c) TEM lamella preparation using a FIB; (d) STEM-BF image of a 

low angle grain boundary.  

For the Transmission Electron Microscopy (TEM) sample preparation the irradiated 1 mm 

pebbles were embedded into epoxy resin and mechanically polished. To gain a first insight 

into the microstructure of the irradiated Be samples micrographs using a light microscope 

were acquired (see Figure 1 (a)). A part of more detailed micrographs can be found in [18]. 

Afterwards electron back scatter diffraction (EBSD) maps (Figure 1 (b)) were obtained in 

order to identify high- and low angle grain boundaries. TEM lift-outs were then cut from 

the chosen areas using a FEI Helios Focused Ion Beam (FIB) and thinned to electron 

transparency using a ZEIS AURIGA (Figure 1 (c)). In order to avoid Be-redepositioning 

we used relatively high currents (0.5-1 nA) for the main part of the thinning. To obtain a 

surface that is as free of FIB induced defects as possible thinning was always finished with 

a 15 min cleaning procedure at 50 pA. Microstructural investigations (Figure 1d) were 

performed using a FEI Talos F200X TEM operated at 200 kV, equipped with a x-FEG and 

a Super-X EDX detector with a camera length of 77 mm. For the image acquisition a high-
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angle annular dark field (HAADF) and scanning TEM (STEM) bright field (BF) detector 

were used.  

Table 2: Irradiation parameters of 1 mm constrained beryllium pebbles within HIDOBE-02 

irradiation temperature (K) fluence (1025 m-2) damage (dpa) He (appm) 3H (appm) 

target average maximum thermal fast>1 MeV    

678 660 698 7.89 1.6 21 3632 367 

773 753 796 9.87 14.3 29 4751 502 

893 873 918 11.3 16.8 34 5524 596 

3. Results  

660 K 

The typical microstructure after irradiation at 660 K can be seen in Figure 2 (a). There are 

many homogeneously distributed bubbles within the grains as well as bubbles directly at 

the grain boundary (GB). Our recent investigations confirmed the co-existence of helium 

and tritium within these closed He-bubbles in the grain interior [19]. Since pure vacancy 

(V) clusters, i.e. voids, cannot exist at GBs as they would dissolve, it is most likely that the 

voids directly at the GB are also gas filled He-bubbles [20]. At this temperature the average 

bubble diameter is 23.5 nm.  
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Figure 2: (a) Typical Be microstructure after irradiation at 660 K; (b) corresponding bubble size 

distribution; (c) segregation of Fe and Mg in the vicinity of a grain boundary.  

In earlier investigations, Klimenkov et al. [13] could show with TEM studies of neutron 

irradiated beryllium, that gas bubbles in beryllium have the shape of a hexagonal prism that 

was confirmed by our observations. Depending on the orientation of the sample in the TEM 

either the prismatic faces (Figure 3 (b)) or the hexagonal basal faces (Figure 3 (c)) of the 

bubble are visible. Appendix 1 shows a tilt series from a close to prismatic orientation to a 

close to basal orientation by tilting the α angle from -30° to +35°. By having a closer look 

at Figure 2 (a) it becomes clear, that one can see the hexagonal basal faces of the bubbles. 

Figure 2 (b) shows the bubble size distribution measured in this work together with the 

values obtained for the unconstrained samples [15] that were irradiated at similar 

temperatures. The mean bubble diameter in this work is noticeable larger than for the 

unconstrained samples. Additionally, the unconstrained pebbles revealed a unimodal 

bubble size distribution while the bubble size here shows a pronounced bimodal 

distribution. 
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In the 

immediate 

vicinity of the 

GBs bubble 

denuded 

zones (DZ) 

with no or 

only very few 

bubbles are 

formed. The 

width of DZs 

at this temperature is around 50-100 nm and is equal within both grains adjacent to the 

same GB. In many places, precipitations and segregations of Fe, Al and, sometimes, Mg 

are formed along GBs as well as within the grains as it can be seen in Figure 2 (c). 

Whenever Fe and Al were present together they showed a ratio of Fe:Al of exactly or close 

to 1:1. Usually, precipitates have a size between 50-150 nm.  

753 K 

At 753 K the microstructure is slightly different than at 660 K. DZs have also formed 

around the GBs. However, these DZs have no longer the same size on both sides of the 

GBs. As it can be seen from Figure 4 (a) there are large variations in their widths which 

increased up to 350 nm. At this temperature many precipitates could now be observed in 

the material whereby the majority of them is attached to dislocation lines and consisted of 

the Fe-Al enriched phase (purple colour in Figures 4 (c) and 5). As in the case of the 660 K 

samples, the atomic ratio of Fe:Al was almost every time perfectly 1:1.  

Figure 3: (a) three dimensional model of the bubble shape in beryllium; (b) view on 

prismatic face; (c) view on basal face  
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Figure 4: (a) Typical microstructure of Be irradiated at 753 K, the enlarged area shows a chain of 

bubbles in the DZ; (b) bubble size distribution; (c) low angle GB made up of an array of dislocations 

decorated with Fe–Al-Be phase precipitates.  

Figure 4 (c) shows possibly a low-angle GB made up 

of an array of dislocations that are decorated with iron 

and aluminium. One has to note that we could never 

directly observe dislocation lines in Be as they 

always seem to be decorated with precipitates. In the 

grain interior also bigger precipitates with sizes up to 

300 nm, which are usually complex phase 

precipitates containing elements such as Al, Si, Cr, 

Mg and others (see Figure 5) could be observed. 

Often these precipitates have several shells formed 

on top of each other. The average bubble diameter is 

26.9 nm and therefore almost as large as for the unconstrained samples [15]. The bubble 

size follows for both sample types a unimodal distribution.  

873 K 

At the highest irradiation temperature very large bubbles are formed both inside the grains 

and at GBs (see Figure 6 (a)). In the grain interior, the average bubble diameter is 90 nm, 

Figure 5. Precipitations in beryllium 

after neutron irradiation at 753 K.  
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while directly at the GBs the bubble size even exceeds several 100 nm. Only very few 

precipitates could be observed after irradiation at 873 K and usually only segregations 

along GBs as it can be seen from Figure 6 (c) are present. Larger precipitates like the ones 

in Figure 6 (d) could be observed only rarely, although the Al-Fe-Be phase should, in 

theory, be stable and present, even at 873 K [21].  

 

Figure 6: (a) Typical microstructure of Be irradiated at 873 K; (b) bubble size distribution; 

homogeneous segregation of Cr, Fe and Mn at a GB; (d) precipitates at a GB 

At this temperature, no dislocation lines or any indications for them were observed . This 

can be explained by the fact that in the absence of precipitates, which could pin 

dislocations, they migrate and form subgrain walls. First evaluation of our EBSD 

measurements suggest that an increased number of low-angle GBs exist at this temperature. 

However a more detailed EBSD analysis of this material is necessary to complete the 

picture. As for the lower irradiation temperatures, DZs are formed in the vicinity of GBs, 

whereby their size increased up to several micrometres. In comparison to the unconstrained 

samples [15] which showed a mean bubble size of 68 nm the constrained pebbles in this 

work showed bubbles with a mean diameter of 90 nm. 
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Discussion  

3.1 Precipitates 

In the grain interior bigger precipitates with sizes up to 300 nm could be observed at all 

three irradiation temperatures. They are usually complex phase precipitates containing 

natural impurities such as Fe, Al, Si, Cr, Mg and others. These elements have very limited 

solubility in beryllium and typical precipitate or form segregations in beryllium of 

industrial purity [22]. 

As it is indicated in Figure 6 (d), uranium could be found in some places as well. It is 

known, that this actinide is a natural impurity within some beryllium ores whose 

concentration should be kept as low as possible due to a possible transmutation into long 

living, alpha-emitting radioactive isotopes with half-lives greater than 20 years [23,24]. 

Chemical analysis of our material revealed a U content of < 0.01 wt. ppm.  

The majority of all impurity clusters contain Al and Fe (see Figure 4 (c)) as well as Mg and 

Si (see Figure 2 (c) & Figure 5). It is known that Al and Mg are undesirable contaminants 

in beryllium as they can lead to hot shortness and a loss of ductility due to segregation at 

grain boundaries (as observed in Figure 2 (c)) and formation of phases with low melting 

temperatures [21]. For this reason the content of free aluminium and magnesium should be 

kept as low as possible, including the eutectically bound one. Mg can be bound by silicon 

to form a intermetallic phase with a higher melting temperature. For Al this is achieved by 

doping Be with iron in an Al:Fe ratio of at least 1:2 [21]. According to [21] the following 

equilibrium is achieved: 

 

(1) 

On the one hand, there is the intermetallic phase FeBe11 [25] which has not been observed 

in this study since every Fe enrich cluster also contained Al. On the other hand, the ternary 

Fe + Be + Al   ⇌    AlFeBe4 

FeBe11 

> 1123 K 

< 823 K-1123 K 

↓↑ 
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compound AlFeBe4 should form between 823 K and 1123 K. However, this phase was only 

found at the two lower irradiation temperatures. This alleged contradiction can be 

explained by the radiation-enhanced diffusion [26]: due to an increased number of 

irradiation-induced defects, the number of possible diffusion paths as well as diffusion rates 

increases and precipitations form and dissolve at lower temperatures as compared to the 

equilibrium case.  

3.2 Swelling 

From the TEM images it is possible to determine volumetric swelling which might have a 

negative impact if the pebbles lose their structural integrity. Usually [15,18,27] the swelling 

sc is calculated as the ratio between the volume of all measured bubbles relative to the 

volume where they have been measured as it is indicated by equation (2): 

 
(2) 

Here <H> is the mean height of all bubbles, D the perimeter of the hexagon and V0 the 

measuring volume. However, since the displacement damage as well as the helium 

production varies with the temperature for neutron irradiation experiments it might be 

appropriate to account for that and scale the swelling to the dpa as it is shown in 

equation (3). This expression also ensures that the swelling is calculated relative to the 

initial volume V0 and not, as it is done often in the literature [15,18,27], to the final volume 

V which is not correct for larger swelling values. In order to determine V0 the thickness of 

the lamellae were measured using the electron energy loss spectroscopy (EELS) log-ratio 

technique. 

 

(3) 

𝑠c =
𝜋 < 𝐻 > ∑ 𝐷𝑖

2𝑁
𝑖=1

4𝑉0
 

𝑆 =
(

𝑠c
1 − 𝑠c

)

dpa
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In Figure 7 the swelling/dpa as a 

function of temperature is plotted 

together with the values measured 

on other Be samples irradiated in 

HIDOBE irradiation campaign 

[15,18]. On the one hand, the 

swelling/dpa increases linear with 

the temperature for different types 

of Be samples with nearly the 

same slope. On the other hand, the 

swelling remains relatively low, 

i.e. < 0.5 %/dpa for all three 

investigated temperatures.  

3.3 Denuded Zone  

At all three irradiation temperatures the formation of DZs could be observed in the 

immediate vicinity of GBs. While the sizes of the DZs were comparable on both sides of 

the GBs at 660 K, there were strong variations at 753 K and 873 K. In the past many 

investigations have been performed aiming at connection of the DZ formation with the 

grain boundary character [28–35]. Usually the misorientation angle between two grains is 

taken to describe the GB character in the aforementioned publications. However, the 

literature is not consistent weather or not the width of the DZ is really influenced by the 

misorientation angle. This is most likely due to the fact that the misorientation angle is only 

one of five parameters that are necessary to fully describe a GB [36,37]. Besides the three 

rotation or Eularian angles two parameters to define the boundary plane by its Miller 

indices are needed. Although it is possible to fully characterize a GB in the TEM [38], to 

our knowledge this has never been done at grain boundaries with DZs. Most likely because 

procedures like the one described in [38] are very time consuming and it is difficult to apply 

them for heterogeneous material systems.  

Since GBs are strong sinks for point defects, the vacancy concertation, or in our case rather 

the concentration of HeV-cluster since He is strongly bound to vacancies [39], is visibly 

lower in the vicinity of the GBs than in the grain interior. The difference in the HeV 

concentration creates a concentration gradient that leads to a vacancy migration to the GB. 

Figure 7: Swelling/dpa for different Be samples.  
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As soon as steady state is reached the 

concentration of HeV-clusters 

increases from the GB to the grain 

interior as it is shown in Figure 8. If 

one assumes that bubbles or cavities 

can only form above a critical HeV-

concentration a bubble denuded 

zone is formed. The DZ in the left 

grain of Figure 8 is almost three 

times larger than the one in the right 

grain. In addition it can be seen that 

the bubbles in the left grain show a 

basal orientation.  

Figure 8: DZ formation in Be after irradiation at 873 K;  marks the critical HeV-cluster concentration 

that is necessary for bubble nucleation. 

 

Following Beyerlein et al. [40] the DZ width can be expressed by equation 3: 

 

(3) 

where 𝜆DZ  is the width of the denuded zone, 𝜂HeV  is the HeV-cluster sink efficiency, ∆𝑐HeV
∗  

the critical HeV-cluster concentration necessary for nucleation of gas bubbles, 𝐾SHeV the 

HeV-cluster-sink reaction rate coefficient, 𝐾0  the deffect production rate and 𝐷He𝑉  the 

HeV-cluster diffusivity. Our previous simulations have shown that He and HeV-cluster 

diffuse faster along the basal planes than perpendicular to these planes [39]. This makes it 

clear why the width 𝜆DZ1  of the DZ for basal oriented grain on the left is larger than the 

size on the right hand side where basal plane has smaller angle with the GB plane: The 

HeV clusters seem to escape to the GB much more effectively in grains that are oriented 

so that the basal plane is perpendicular to the GB plane. However, as mentioned earlier in 

this paper, the misorientation is only one of five parameters and the other four might also 

play an important role in the DZ formation.  

Interestingly enough, at some places one could observe again and again chains of bubbles 

in the DZs (see enlarged area in Figure 4 (a)). First of all this observation is contradictory, 

𝜆DZ = (ln 𝜂HeV − ln (1 − 𝛥𝑐HeV
∗

𝐾SHeV
𝐾0

))√
𝐷He𝑉
𝐾SHeV
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since it is commonly assumed that the DZ is only formed because GBs are strong sinks for 

point defects and the vacancy- and gas-concentration in their immediate vicinity is too low 

for bubble formation. Therefore it can be concluded that these bubbles have grown along 

dislocation lines that were trapped at grain boundaries and that provided the necessary 

vacancies for bubble nucleation and growth 

4. Conclusion 

In the present paper the microstructural changes in beryllium irradiated with neutrons at 

three different temperatures was studied in TEM. The main finding of these investigations 

can be summarized as follows. 

(1) Bubbles formed at all three irradiation temperatures whereby their size increased 

with temperature from 24 nm at 660 K to 90 nm at 873 K. 

(2) At all three irradiation temperatures bubble DZs formed along GBs whereby their 

width is increasing with the temperature up to a size of several microns at 873 K.  

(3) The width of the DZs showed a strong correlation with the grain orientation as the 

diffusion coefficient of HeV-cluster is higher along the basal planes then 

perpendicular to them  

(4) Chains of bubbles were found in the DZ. These chains are possibly aligned along 

dislocation lines attached to the GBs.   

(5) Precipitates and segregations of elements such as Al, Fe, Cr, Mg, Si and U were 

predominantly observed after irradiation at 660 K and 753 K.  
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Appendix 

Be-film.mp4

 

Appendix 1: bubble tilt series from a close to prismatic orientation to a close to basal orientation by 

tilting the α angle from -30° to +35°. 
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