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1. Introduction  

To maintain a sufficiently large tritium breeding rate (TBR) of ≥ 1.1 [1] a neutron 

multiplier is necessary to keep the neutron flux sufficiently high for the breeding 

reaction. Besides lead, beryllium is considered suitable for this purpose, since it 

releases two neutrons with a high probability during the reaction with one neutron. 

In the helium-cooled pebble-bed (HCPB) design concept developed at the 

Karlsruhe Institute of Technology (KIT) [2,3] beryllium and a lithium ceramic 

(Li4SiO4) will be placed in alternating layers separated by helium-cooled 

EUROFER97 plates. Besides the displacement damage, generation of helium and 

hydrogen will lead to microstructural changes which could result in swelling and a 

strong tritium retention. For DEMO, it is expected that up to 23.8 kg of tritium can 

accumulate in 390 t of beryllium [4] This could pose a significant safety risk, as 

there is a risk that the β-emitter could be partially released in an uncontrolled 

manner in the event of an accident. However, this must not happen even in the 

event of a loss of coolant accident (LOCA) or any other disaster scenario. In order 

to assess the tritium inventory, a fundamental understanding of the evolving 

microstructure during neutron irradiation is necessary. In the past, a variety of 

neutron irradiation studies have already been performed. However, these 

irradiations were performed either at low temperatures (70-400 °C) [5–7] or 

resulted only in relatively low damage and transmutant gas production 

(< 2 x 1022 cm-2) [8–10]. A selection of all available data for past irradiation 

campaigns [5,6,8,11–20] is summarized in Figure 1 with respect to temperature 

and helium production.  

 

Figure 1: Overview of beryllium irradiation campaigns with reference to the irradiation temperature 
and helium production. The green area marks the expected damage [4] for beryllium in DEMO. [21] 
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To simulate fusion conditions that are closer to the ones expected for DEMO the 

irradiation campaign HIDOBE-02 was performed in the High-Flux Reactor (HFR) 

in Petten. The four yearlong irradiation campaign has led to a damage of up to 

34 dpa and a gas production of 5524 appm He and 596 appm 3H. More details 

about the irradiation conditions and parameters can be found in [22] and [23]. The 

microstructural evolution after HIDOBE-01 [24–26] and HIDOBE-02 [23,27] was 

already extensively studied in earlier publications. From these investigations it is 

well known that neutron irradiation of beryllium leads to the formation of bubble 

denuded zones (DZ) around grain boundaries (GB), whereby their width of these 

zones increases with temperature [23]. Furthermore temperature programmed 

desorption experiments (TPD) performed with the HIDOBE-02 pebbles revealed a 

strong tritium trapping [28] even at temperatures (< 450 °C). After irradiation at 

600 °C up to 20% of the theoretically produced tritium is still retained within the 

material (see Figure 2). 

 

Figure 2: Tritium retention for the 1 mm Be pebbles from HIDOBE-02 in dependence of the heating 
rate. The released amounts were compared with theoretically calculated values for the 3H 

accumulation. Data from: [28]. [21] 

Until a few years ago it was assumed [11] that tritium which is released from the 

pebbles during irradiation may originate from any position of the bulk material, i.e. 

also from bubbles in the grain interior. However, recent EELS analysis [29] proofed 

the co-existence of helium and tritium within closed bubbles. In addition ab initio 

calculations [27,30–32] predict a strong tritium trapping within helium bubbles. 

Barriers for hydrogen desorption into vacuum, i.e. the bubble interior are estimated 

to be in the range of 0,94-1,52 eV. With up to 3 eV the barrier for diffusion into the 

bulk material is even higher.[30] It is therefore reasonable to assume that the 

tritium released during irradiation does not originate from bubbles located in the 

grain interior as it is irreversible trapped there and may only be released by heating 

the samples to temperatures > 1100 °C [28] . Instead, the considerations in the 

present paper suggest that all tritium released during irradiation originates solely 

from the area of the later DZs. We show this by using a simple self-developed 

model which first indicates that the formation of the DZs is the result of a reduced 

point defect concentration in the direct vicinity of the GBs. In the further course of 
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this publication we then demonstrate that it can be assumed that the whole amount 

of tritium released during irradiation originates from the later bubble denuded 

zones. At intermediated temperatures (~487 °C) the release of larger quantities is 

presumably prevented by the formation of a large number of precipitates that 

formed directly adjacent to the DZs which are abundant covered with bubbles. The 

results presented in the proceeding of this paper are part of a thesis [21] that will 

be published soon something elsewhere.  

2. Methods  

The investigated Be samples are the same 1 mm constrained pebbles that were 

already used for the studies in [23]. These pebbles were irradiated at 387 °C, 

487 °C and 600 °C up to a displacement damage of 34 dpa and gas productions 

of ~6000 appm He and ~600 appm H during the HIDOBE-02 campaign. In the 

aforementioned paper details about sample preparation, data acquisition in the 

TEM and more details about the irradiation conditions can be found. For the 

microstructural investigations in this paper we focused on the grain boundaries and 

the areas directly around them.  

In order to describe the evolution of the bubble denuded zones during irradiation 

we developed a simplified model based on classical rate equations. The objective 

of this model is to determine the change in point defect concentrations around 

grain boundaries to draw conclusions about the evolution of the denuded zones. 

For our model we made the following assumptions: 

(1) Bubble are the only relevant sinks in the immediate vicinity of grain 

boundaries or rather have the largest sink strength 

(2) The influence of helium on the bubble evolution is neglected as helium only 

important for bubble nucleation but plays no role in bubble growth 

(3) Bubbles have already nucleated and no nucleation takes place anymore. 

(4) An average diffusion coefficient is used for the diffusion of SIAs and Vs to 

account for the anisotropic diffusion. 

 d𝐶v

d𝑡
= 𝐾0 − 𝐾ivCi𝐶v − 𝐾is𝐶s𝐶v,. (1) 

   
 d𝐶i

d𝑡
= 𝐾0 − 𝐾ivCi𝐶v − 𝐾vs 𝐶s𝐶i. (2) 

Here, Ci and Cv are the vacancy (V) and self-interstitial (SIA) concentrations, K0 the 

defect production rate and Kiv the recombination factor which accounts for 

spontaneous recombination of SIAs and vacancies. Using the atomic volume Ω, 

average diffusion coefficients Di and Dv and an interaction radius riv the 

recombination factor can be estimated as follows: 
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𝐾iv =

4𝜋𝑟iv(𝐷i + 𝐷v)

𝛺
. (3) 

The interaction radius riv can be calculated using equation (4) where ra and rc 

represent the size oft the spontaneous recombination zones along the respective 

lattice direction and are given as zu ra = 8.0 x 10-10 m and rc = 5.0 x 10-10 m [33]. 

 
volume =

4𝜋

3
ra

2rc (4) 

   
 

𝑟iv = √volume
3

4

1

𝜋

3

 (5) 

The loss of point defects to sinks is expressed by a sink strength 𝑘𝑥𝑠
2  which can 

be determined as: 

 
𝑘is

2 =
𝐾is𝐶s

𝐷i
, 𝑘vs

2 =
𝐾vs 𝐶s

𝐷v
.  (6) 

For the bubble sink strength we used values from [34]. Their derivation will be 

puslihed soon elsewhere. The sink densities for each temperature are given by 

the bubble densities which were already determined in [23]. All parameters used 

for the calculations in this paper are summarized in Table 1. 

Table 1: Overview of the parameters used for the rate equations.  

parameter  unit 

 378 °C 478 °C 600 °C  

V concentration thermal 7,7 x 10-7 4,9 x 10-6 2,4 x 10-5 - 
SIA concentration thermal 8,46 x 10-33 1,4 x 10-28 5,7 x 10-25 - 
defect production rate 1,91 x 10-7 2,69 x 10-7 3,36 x 10-7 s-1 
recombination parameter 9,0 x 1013 1,3 x1014 1,8 x 1014 s-1 
sink strength bubble ensemble V [34] 4,6 x 1015 3,8 x 1015 2,15 x 1016 m-3 
sink strength bubble ensemble SIA [34] 4,6 x 1015 3,9 x 1015 2,26 x 1016 m-3 
Diffusion coefficient V  1,73 x 10-12 9,4 x 10-12 4,0 x 10-11 m2s-1 
Diffusion coefficient SIA 8,3 x 10-8 1,2 x 10-7 1,7 x 10-7 m2s-1 

Grain boundaries are strong sinks for point defects. Due to diffusion kinetics of Vs 

and SIAs their concentration is lower in the direct vicinity of grain boundaries 

compared to the grain interior which results in the formation of a concentration 

gradient. If the local vacancy concentration CV drops below a critical concentration 

ckrit., no bubbles form around the grain boundary and a bubble denuded zone os 

formed [35–37]. On the other hand, an abundance of interstitial atoms along the 

grain boundary causes it to widen and thus change its position. This affects the 

size of the DZ. The formation of the DZ as a result of the point defect fluxes to the 

grain boundary is shown schematically in  
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Figure 3: Formation of a bubble denuded zone (DZ) as a result of vacancy ( Jv) and interstitial (Ji) 

fluxes to the grain boundaries. 

To estimate the change in grain boundary position as a result of concentration 

gradients near grain boundaries, the flux of vacancies and interstitial atoms to the 

interface must first be determined. The flux J of a species is given by 

 
𝐽 = −𝐷

𝑑𝐶

𝑑𝑥
. (7) 

Due to the transport of point defects to the grain boundary, a volume change 

occurs and the KG position may change. The change in position depends on 

whether the flux of vacancies Jv or interstitial atoms Ji dominates. The total flux Jtotal 

of vacancies and interstitial atoms to the grain boundary can then be expressed as 

 
𝐽total = 𝐽i−𝐽v = −

𝐷i𝐶i
max

𝑑𝑥
+

𝐷v(𝐶v
max − 𝐶v

eq)

𝑑𝑥
 (8) 

where the concentration of vacancies and interstitials at the GB is the thermal 

equilibrium concentration 𝐶
eq

. For SIA 𝐶i
eq

= 0 , for vacancies the equilibrium 

concentration can by determined in dependence of the temperature T as 𝐶v
eq

=

exp (
−𝐸v

f

kB𝑇
). The vacancy formation energy 𝐸v

f  in beryllium is 0,8 eV [38], and the 

Boltzmann constant kB 8,617 x 1015 eV/K. 𝐶i
max und 𝐶v

max are the maximum point 

defect concentrations in the grain interior due to the irradiation. The time 

dependent evolution of the point defect concentrations is given by: 

 𝑑𝐶

𝑑𝑡
= −∇𝐽 = −

𝑑

𝑑𝑥
(𝐷

𝑑𝐶

𝑑𝑥
) (9) 

Conservation of volume over time implies 
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 𝑑𝑉

𝑑𝑡
= (

𝑑𝐶i

𝑑𝑡
−

𝑑𝐶v

𝑑𝑡
) Ω = 𝑆

𝑑𝑥

𝑑𝑡
. (10) 

As a consequence the volume change as a result of the diffenret point defect fluxes  

is obtained by integrating ∇Jtotal over the entire volume: 

 

 𝑑𝑉

𝑑𝑡
= 𝑆

𝑑𝑥

𝑑𝑡
= −𝑆 𝛺(𝐷v(𝐶v

max − 𝐶v
eq

) − 𝐷i𝐶i
max)

1

𝑑𝑥
. (11) 

Here S represents the spatial y and z coordinates.. Ω is the volume of a beryllium 

atom. Finally, rearranging equation (12) gives the change in GB position xc due to 

the concentration gradient of the point defects. 

 
𝑥c = √2Ω(𝐷v(𝐶v

max − 𝐶v
eq) − 𝐷i𝐶i

max)𝑡 (12) 

t is the total irradiation time during the HIDOBE-02 campaign. Furthermore, 

according to [39], the size of the DZ as a result of the reduced point defect 

concentration around the KG, xD, can be estimated as follows: 

 

𝑥D = (
𝐷v

4𝐾0 𝜇iv

)

1
4

. (13) 

It was assumed that the diffusion of interstitial atoms and vacancies to the grain 

boundaries is equal, so that Dv(Cv-Cv0) = Di(Ci-Ci0) where Cv0 and Ci0 are the 

vacancies and SIA are equilibrium concentrations. Furthermore, it is assumed that 

the bubble concentration, but not the bubble size, significantly affects the point 

defect concentration. The coefficient μiv is given as the quotient of Kiv and Dv. The 

total size of the DZ is then given by  

 𝑥DZ = 𝑥c + 𝑥D. (14) 

To determine the steady-state point defect concentration due to irradiation, 

equations (1) and (2) were solved numerically using a self-developed Matlab code.  

3. Results 

3.1 Modelling 

The time dependent evolution of the vacancy Ci and interstitial atom concentrations 

Cv for the three different temperatures is shown in Figure 4. 
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Figure 4: Calculated point defect concentrations, which are characteristic of the irradiation 
conditions of the constrained 1 mm samples during HIDOBE-02. [21] 
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It should be noted that the time evolution of the point defect concentrations does 

not take into account the presence of thermal vacancies. Using the interstitial atom 

and vacancy concentration values, equations (13) and (14) can be used to 

determine the increase in DZ as a result of the concentration gradients xC and due 

to the decreased point defect concentration xD. The values are summarized in 

Table 2 together with the maximum measured values of the DZ, λDZ. It can be seen 

that the concentration gradient of the point defects plays only a vanishingly small 

role and has virtually no influence on the magnification of the DZ. In contrast, the 

reduced point defect concentration in the immediate KG environment is apparently 

the main cause for the formation of the DZs. The calculated values for xD are all in 

the same order of magnitude as the maximum values determined experimentally 

in the TEM and deviate from these by only 10-18 %. 

Table 2: Parameters for modelling the size of the denuded zone (DZ). 

parameter  unit 

   

 387 °C 487 °C 600 °C  
Ci max. 5,0 x 10-16 5,7 x 10-16 1,7 x 10-16 - 

Cv max. 2,4 x 10-11 7,5 x 10-12 7,1 x 10-13 - 
xC 2,3 x 10-14 2,2 x 10-14 3,9 x 10-14 nm 

xD 461 646 1278 nm 
λDZ max. 380 580 1500 nm 

Apparently, the sink effect of the KG ensures that all point defects, which are 

initially located in the region of the later DZ, diffuse to the grain boundary and either 

annihilate or are trapped there. This should be true for vacancies and interstitial 

atoms as well as He and 3H. Furthermore, the results of the EELS measurements 

in Section 4.2 show that the tritium formed in the grain interior is pinned within the 

bubbles present there. Accordingly, it can be assumed that most of the tritium 

formed in the region of the later DZs diffused in atomic form during irradiation, first 

to the KGs and then along them to the sample surface. There it may leave the 

sample as a T2 molecule. To validate this assumption, the amount of theoretically 

produced tritium within the DZs can be compared to the amount released during 

irradiation. For this purpose, the tritium atom density NT produced during irradiation 

can first be determined using equation (15). The theoretically produced tritium 

content in appm is shown in Table 2.2 for all irradiation temperatures. 

 𝑁𝑇 = 𝑁beryllium  𝑡𝑟𝑖𝑡𝑖𝑢𝑚 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (15) 

The beryllium atomic density NBeryllium can be calculated using the Avogadro 

number NA, 6,022 x 1023 mol-1, the mass density ρberyllium, 1,84 g/cm3, and the 

molar mass MBeryllium, such that:  

 𝑁Beryllium =
ρBeryllium

MBeryllium
NA. (16) 
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The molar mass is given by the quotient of the atomic mass of beryllium, 9 u, and 

the amount of substance n. The amount of tritium produced during irradiation within 

an average sized grain is given by 𝑁T
K: 

 𝑁T
K = 𝑁T  𝑉grain, (17) 

where the grain is assumed to be a spherical object with radius r so that the volume 

𝑉grain =
4

3
𝜋𝑟3 (see Figure 5). 

 

Figure 5: Schematic representation of a grain for calculating the volume of a grain Vgrain the bubble 

denuded zone (DZ) VDZ according to equation (19). For the determination of the volume, the DZ 

was assumed to be a hollow sphere. [21] 

Similarly, using the values from TPD measurements  [28] the amount of 

tritium/grain after irradiation 𝑁TPD
K  can be determined. The amount of tritium 

released during irradiation within an average sized grain. 𝑁Treleased
K  an be 

calculated by the difference of the produced amount 𝑁T
K  and the amount 

determined in TPD measurment   𝑁TPD
K . The tritium content 𝑁T

DZ within the later DZ 

can be calculated as follows: 

 𝑁T
DZ = 𝑁𝑇   𝑉DZ . (18) 

VDZ is given as the volume of a hollow sphere (see Figure 4.30) and defined as 

follows: 

 
𝑉𝐷𝑍 =

4𝑟grain
3 𝜋

3
−

4(𝑟grain −< 𝜆DZ >)
3

𝜋

3
. (19) 

The values determined in this way are summarized in Table 3 and graphically 

presented in. An error of ±20% was assumed for the values, as in [40] ue to the 

inaccuracies of the TPD measurements and the calculations of the tritium 

production. On the basis of Figure 6 a good agreement between the amounts of 

tritium released during irradiation and the theoretically available tritium in the DZ 

can be seen directly. 
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Table 3: Parameters used to estimate 3H content within bubble denuded zones. [21] 

parameter symbol    unit 

  387 °C 487 °C 600 °C  
3H released during irrad. [28] - 27  82 416 appm 
<grain size>  <dKorn> 6 6 6 μm 
<DZ size> (width) <λDZ> 60 180 1000 nm 
3H produced 𝑁T

K
 5,12 x 109 7,01 x 109 10,6 x 109 at./grain 

3H after irrad. 𝑁TPD
K

  4,75 x 109 5,86 x 109 3,55 x 109 at./grain 
3H released during irrad. 𝑁Tfrei

K  3,77 x 108 1,14 x 109 7,10 x 109 at./grain 
3H in DZ 𝑁T

DZ 3,01 x 108 1,19 x 109 7,12 x 109 at./DZ 

 

Figure 6: Tritium release during irradiation and theoretical tritium content within the bubble-
depleted zone as a function of irradiation temperature. [21] 

3.2 Microstructure 

As it was already shown in [23] we could observe the formation of bubble denuded 

zones around grain boundaries at all three irradiation temperatures whereby their 

size increases with the temperature from an average of 60 nm at 387 °C up to 

1000 nm at 600 °C (see Table 3). Figure 7 shows the formation of a bubble 

denuded zone at 487 °C. Especially at this temperature (see Figure 9) but also at 

387 °C (see Figure 8) a large number of precipitate-bubble pairs have formed in 

the direct vicinity of the DZs. Precipitation densities are summarized for all samples 

in Table 4. The origin of the bubble accumulation on the precipitation surfaces was 

already discussed in [23,27] and can be attributed to the strong binding energy 

(Eb ≈ .0 eV) of solutes (Al, Si, Mg and He) with vacancies. Solute-vacancy pairs 
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diffuse through the matrix until they reach a sink where the solute contribute to 

precipitate formation and the excess vacancies accumulate at the bubble surface.  

Table 4: Precipitation densities ρprecipitate and precipitation sizes within irradiated 1 mm constrained 

beryllium pebbles after the HIDOBE-02 irradiation campaign. [21] 

parameter temperature 

 unirr. 387 °C 487 °C 600 °C 

ρprecipitations total 2,7 x 1019 m-3 1,5 x 1019 m-3 7,4 x 1019 m-3 8,1 x 1017 m-3 
ρprecipitations vicinity GB  - 3,6 x 1019 m-3 1,5 x 1020 m-3 - 
max. size precipitate 90 nm 100 nm 450 nm 100 nm 
<precipitate> 25 nm 17 nm 22 nm 30 nm 

 

 

Figure 7: Denuded Zone (DZ) formation around a grain boundary in beryllium irradiated at 487 °C 

[23]. 
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Figure 8: Low angle grain boundary at 487 °C. In the direct vicinity of the denuded zone the number 
of precipitates covered with bubbles is increased. [21] 

 

Figure 9: Grain boundary at 387 °C. In the direct vicinity of the denuded zone the number of 

precipitates covered with bubbles (see red arrows) is increased. [21] 

 

4. Discussion 

As the modelling results in chapter 3.1 show, the formation and enlargement of the 

DZs can be attributed to an effective reduction of the point defect concentration in 

the immediate vicinity of the grain boundaries. Point defects around the GBs are 

thus effectively removed by the latter from the grain interior, providing bubble-free 

areas as nucleation is suppressed. The amount of tritium released during 

irradiation corresponds approximately to the fraction produced within the later DZs. 

Once point defects have reached the GB, they may annihilate there or, in all 

likelihood, leave the sample to a large extent by diffusion along fast paths at grain 
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boundaries. Thus, it is reasonable to assume that during irradiation, the tritium 

formed in the later DZs migrates to the grain boundaries as an extremely mobile 

interstitial atom, unless it is previously trapped at effective sinks. There, it can 

either leave the sample directly or is initially trapped in bubbles that coalesce into 

open channels over time during irradiation at temperatures ≥ 600 °C (see 

Figure 10) 

 

Figure 10: Micrograph under the light microscope of a 1 mm Be constrained pebble after irradiation 
at 600 °C. Clearly visible bubble and bubble networks that might form open channels have formed 

during the irradiation. Tritium then escapes through these channels together with 

helium. However, not all of the tritium produced diffuses to the grain boundaries, 

as assumed in previous work [68], but only the part formed in their immediate 

vicinity. The rest remains trapped inside the bubbles in the grain interior and can 

only be released by heating the samples to > 1100 °C [28]. 

The amounts of tritium produced in the later DZs correspond at all temperatures 

approximately to the part which was missing after irradiation compared to the 

theoretically produced amount (see Figure 6). Accordingly, the tritium retention in 

beryllium could be significantly improved by a grain structure as fine as possible 

with grain sizes ≤ 2 λDZ, i.e. 0,8–3,0 μm, depending on the operating temperature.. 

Based on the evidence obtained, it can probably be assumed that the release of 

larger amounts at the two low irradiation temperatures appears to be prevented by 

precipitation bubble pairs formed inside the grains along the DZs and acting as an 

additional sink for tritium. Both helium and tritium were detected within gas bubbles 

along large and small angle grain boundaries (see Figure 4.25 and Figure 4.26), 

although at lower levels than in the grain interior. As the irradiation progressed, 

some of the bubbles along the grain boundaries then coalesced into extended 

networks (see Figure 2.7), which reached the sample surfaces in places, further 

reducing the tritium content. The total duration for the tritium release can be 

determined by the so-called tritium residence time τ [41], reached the sample 

surfaces in places, further reducing the tritium content. i.e. the residence time 

within the sample 

 
𝜏 =

𝐼(𝑇)

𝐺
, (20) 
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where I(T) is the tritium inventory after irradiation and G is the tritium production 

rate. While τ at 387  C is still 1180 days, at 487 °C it is only 1065, at 600 °C even 

only 424 days. The higher the irradiation temperature, the faster the steady state 

is reached, where produced and released tritium balance each other. It should be 

noted that equation (20) applies only to temporary sinks within the DZ, but not to 

those that permanently trap tritium, as is the case for bubbles in the grain interior. 

5. Conclusion 

After neutron irradiation of beryllium bubble denuded zones have formed in the 

immediate vicinity of the grain boundaries, as grain boundaries act as an effective 

sinks for point defects. The studies in this work suggest that all tritium released 

during irradiation was produced by neutron induced transmutation in the later DZs 

and was able to leave the samples by diffusion along the grain boundaries. The 

release of larger amounts of tritium may have been suppressed at temperatures 

≤ 487 °C by intense precipitation-bubble pair formation along the DZs, as the 

bubbles act as effective tritium sinks. In this way, diffusion of larger amounts of 

tritium from the grain interior to the grain boundaries is partially prevented. 

The results of this work indicate that the tritium retention behavior in beryllium could 

be significantly improved by two aspects: (i) the use of high purity beryllium could 

prevent the formation of precipitations during irradiation, which in turn could allow 

tritium to reach the grain boundaries more easily. However, the production of high-

purity beryllium is likely to involve an enormous technical effort, which would be 

reflected in significantly increased costs. (ii) Since the tritium released during 

irradiation appears to originate only from the area around the grain boundaries, a 

grain structure as fine as possible, with grain sizes well below 5-6 μm, should lead 

to an improvement in tritium release during irradiation. However, the technological 

implementation is also more cost-intensive here. 
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