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Homogenization treatment is used to ensure the single-phase structure such as Be12Ti in titanium beryllide 
compounds. The homogenization leads to the abrupt increase of porosity with formation of an open porosity 
network. After high-temperature loading of pebbles from Be-7.0, 7.3, 7.7 at.% Ti by tritium/protium gas mixture 
the temperature-programmed desorption (TPD) tests with heating rates of 0.017 and 0.117 K/s were performed. A 
facilitated tritium release occurs from the pebbles after homogenization compared to the “as-received” state. 
Comparison of effective activation energies of tritium desorption reveals that the tritium release from titanium 
beryllide occurs comparatively easier than that from pure beryllium. 
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1. Introduction 

Compared to pure beryllium, titanium beryllide has 
some features (lower swelling, higher oxidation 
resistance, etc.) which make it attractive for further use 
as an advanced neutron multiplier material in the Helium 
Cooled Pebble Bed (HCPB) concept of Japanese and 
European breeding blanket designs of DEMO [1-3]. 
Tritium release and retention properties are needed to be 
investigated because these are the issues for the 
successful application of titanium beryllide in the 
blankets. Production of tritium and helium in beryllium 
occurs under neutron irradiation. On the other hand, the 
saturation of beryllium materials by tritium gas can be 
performed by using the high-temperature loading in the 
tritium/protium gas mixture [4]. This method allows to 
assess and pre-rank the investigated materials on tritium 
release and retention properties after thermal 
programmed desorption (TPD) tests without irradiation 
and, accordingly, by comparatively less time costs. 

In the present study, using the loading method, the 
tritium release and retention properties of titanium 
beryllide pebbles by JAEA production in the states both 
“as-received” and after homogenization treatment have 
been investigated. 

 

2. Experimental 
The titanium beryllide pebbles have a diameter of 1 

mm. They were produced by rotating electrode method 
(REM) (KREP-1500, Kaken Co., Ltd., Japan) from the 
rods which were synthesized via a plasma-sintering 
method (PSM) (KE-PasIII, Kaken Co., Japan) from 
beryllium-titanium powder mixture with appropriate 
beryllium and tritium compositions [2, 5]. In this study, 
Be-7.0 at.% Ti, Be-7.3 at.% Ti, and Be-7.7 at.% Ti 

intermetallic compounds in the states “as-received” and 
after homogenization treatment (hereafter referred as to 
as-homogenized) were studied. The homogenization 
treatment of the pebbles was performed at 1473 K for 8 
h to ensure the single phase composition containing only 
Be12Ti [6]. 

The tritium/protium loading of the pebbles was 
performed in the 1H2 + 500 appm 3H2 gas mixture at 
1123 K for 6 h at 4 bar. By performance of the TPD 
tests, a permanent heating mode with ramping rates of 
0.017 and 0.117 K/s up to 1373 K followed by 3 h 
exposure at this temperature were used. The gas mixture 
of high-purity helium with small addition of protium 4He 
+ 0.1 vol.% 1H2) was used as a purge gas to transport the 
released species from a furnace with the pebbles to a 
proportional counter (PC). Between the furnace and the 
PC a Zn-bed is placed. It was heated to 663 K that 
allows to transform tritium water to tritium gas to avoid 
the tritium water absorption in the pipes and in the PC. 
For the same reason, the gas pipes in the manifold are 
heated to 573K during the TPD tests. Thus, it was 
concluded that the released tritium reaches the PC 
mainly in the form of 1H3H [7]. 

 

3. Results 
3.1. Tritium release and retention 

Fig. 1 shows tritium release rates versus temperature 
from 1 mm pebbles manufactured from Be-7.0 at.% Ti at 
the “as-received” state and after homogenization. For 
heating rate of 0.117 K/s, the tritium release curve 
includes a single wide peak which is placed at a 
temperature of 1289 K. The homogenization treatment 
leads to a shift of the major peak to a lower temperature 
of 1167 K. For the lower heating rate of 0.017 K/s, 



 

several peaks are identified for both cases, “as-received” 
and after homogenization. Additional smaller peaks are 
placed at lower and higher temperatures than the major 
peak. The major peak after the test at 0.017 K/s has a 
comparatively narrower shape than that at the heating 
rate of 0.117 K/s. The major peak is revealed practically 
at the same temperatures at both AR and HT states (836 
to 816 K, accordingly). 
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Fig. 1. Tritium release rates R from Be-7.0 at.% Ti pebbles. 
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Fig. 2. Tritium release rates R from Be-7.3 at.% Ti pebbles. 
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Fig. 3. Tritium release rates R from Be-7.7 at.% Ti pebbles. 

For Be-7.3 at.% Ti pebbles (see Fig. 2), behavior of 
the major peak at the “as-received” state for heating rate 
of 0.117 K/s corresponds to the above case but the 
difference between the peak temperatures is greater than 
that (1285 to 1089 K, accordingly). For heating rate of 
0.017 K/s, there is a noticeable difference at the major 
peak temperatures (965 to 825 K, accordingly). In 
addition, the major peak has a pronounced shoulder on 
the left which can quite be identified as a second major 
peak (at 677 K). 

Fig. 3 shows tritium release rates from Be-7.7 at.% 
Ti pebbles. For heating rate of 0.117 K/s, the major 
peaks for the “as-received” state and after 
homogenization are detected at 1235 and 1010 K, and 
for 0.017 K, - at 945 and 700 K, accordingly. It is 
necessary to pay attention to additional high-temperature 
peaks (at 1120-1130 K for all chemical compositions 
investigated) which are revealed only at the heating rate 
of 0.017 K/s and mainly for the pebbles after 
homogenization (as an exception, for Be-7.0 at.% Ti at 
the “as-received” state as well). 

Overview of all major peak temperatures is shown in 
Fig. 4. The peak temperatures of the pebbles after 
homogenization are always lower than that at the “as-
received” state. This difference varies from 20 to 245 K 
depending on the heating rate and the Ti content in the 
beryllides. The lower peak temperatures always 
correspond to the lower heating rate. For each heating 
rate, the difference between peak temperatures at the 
“as-received” state and after homogenization increases 
with increasing of the Ti content from 7.0 to 7.7 at.%. 
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Fig. 4. Major tritium peak temperatures for Be-7.0, 7.3, 7.7 
at.% Ti pebbles. 

Fig. 5 represents total tritium release from titanium 
beryllide pebbles depending on the Ti content. Excluding 
Be-7.0 at.% Ti tested at 0.017 K/s, the total release from 
the pebbles “as-received” is higher than that after 
homogenization. Excluding Be-7.7 at.% Ti at the as-
received state and tested at 0.017 K/s, the total tritium 
release at 0.117 K/s higher than that tested at 0.017 K/s. 
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Fig. 5. Total tritium release from Be-7.0, 7.3, 7.7 at.% Ti 
pebbles. 

 



 

3.2 Microstructure 

Fig. 6 shows optical micrographs of cross sections of 
Be-7.0 at.% Ti pebbles at the “as-received” and 
homogenized states. The main feature of the 
microstructure is a high-developed porosity, especially 
in the pebbles after homogenization (Fig. 6c, d). 
Comparing the images of “as-received” (Fig. 6a, b) and 
“homogenized” (Fig. 6c, d) pebbles, it can be concluded 
that the homogenization treatment leads to the abrupt 
increase of the porosity. The large but not numerous 
pores (40-50 µm in diameter) in the interior and on the 
surface of the pebbles at the “as-received” state have 
been evolved after homogenization practically to the 
high-developed interconnected porosity network. 

 

 
Fig. 6. Optical micrographs of cross section of Be-7.0 at.% Ti 
pebbles: 

a) as-received; b) the same as (a), polarized light; 
c)homogenized; d) the same as (c), polarized light. 

Figs. 7 and 8 represent cross sections of Be-7.3 at.% 
Ti and Be-7.7 at.% Ti pebbles, accordingly. There are no 
any principle differences in the microstructure evolution 
to the Be-7.0 at.% Ti pebbles resulted of the 
homogenization treatment. 

 

 
Fig. 7. Optical micrographs of cross section of Be-7.3 at.% Ti 
pebbles: 

a) as-received; b) the same as (a), polarized light; 
c)homogenized; d) the same as (c), polarized light.  

 

 
Fig. 8. Optical micrographs of cross section of Be-7.7 at.% Ti 
pebbles: 

a) as-received; b) the same as (a), polarized light; 
c)homogenized; d) the same as (c), polarized light. 

 

4. Discussion 
According to [6, 8], homogenization of pebbles from 

titanium beryllide after production by the (PSM + REM) 
methods should be performed to obtain the single phase 
composition which includes only Be12Ti phase (the 
compositional target). The “as-received” pebbles contain 
three phases such as Be, Be17Ti2 and Be12Ti. The 
optimization of the thermal treatment parameters 
performed in the past allowed to select either regime as 
1673 K for 1 h and 1473 K for 8 h as an optimal one to 
eliminate Be and Be17Ti2 phases keeping only Be12Ti. In 
[6], the authors reported that the dimension changes of 
the beryllide pebbles after homogenization caused by 
internal cracks or pores were not detected. This means 
the nature of the numerous large pores in the 
homogenized Be12Ti pebbles is different compared to the 
pore formation process in beryllium pebbles under high-
dose neutron irradiation where high dimension and 
density changes (so-called swelling) were discovered [7, 
9]. Radiation-induced pore formation in beryllium is 
caused by enhanced concentration of vacancies under 
irradiation which due to the presence of high amount of 
transmuted helium atoms are assembled in the large 
pores. In the present study, a phase-transformation from 
Be+Be17Ti2+Be12Ti to Be12Ti under high-temperature 
annealing in accordance with the Be-Ti phase diagram 
takes place [10]. This transformation is accompanied by 
the significant “shrinkage” of the material leading to the 
pore formation. Probably, the large pores are formed in 
the regions where the Be phase particles were placed. An 
additional input to the finale pore amount could give the 
phase transition of Be17Ti2 to Be12Ti because the relative 
content of Be in Be17Ti2 is comparatively lower than that 
in Be12Ti, i.e. Be12Ti is a more dense phase than Be17Ti2 
therefore it should occupy a comparatively less volume 
in the material. So, despite the other nature of the pore 
formation process in the titanium beryllide pebbles 
which proceeds under homogenization treatment 
compared to the radiation-induced pore formation under 
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neutron irradiation, nevertheless, it finally formed a 
typical open porosity network which earlier only in 
beryllium pebbles after neutron irradiation was observed 
[7, 11, 12]. It is known that well-developed open 
porosity significantly facilitates tritium release from 
beryllium pebbles as well as, most likely, from other 
metals or crystallic compounds (as the titanium 
beryllides) due to reduced paths from any structural traps 
(for example, gas bubbles) located within grains to the 
open channels. In the present study, the content of Ti in 
the titanium beryllide pebbles varies from 7.0 to 7.7 
at.%. According to [10], the increase of Ti in the pebble 
composition leads to the noticeable increase of the 
Be17Ti2 phase and to the slight decrease of the Be 
content. This means that after following homogenization 
treatment and an appropriate evolution of the 
microstructure to the single phase composition as Be12Ti 
the increase of the Ti content from 7.0 to 7.7 at.% should 
induce an gradual increase of the pore amount in the 
pebbles. Comparing images in Figs. 6c, 7c, 8c, it seems 
to be so, however, it is not clear visible. 

Fig. 9 shows a schema for paths of tritium inside the 
pebbles during loading by tritium/protium gas mixture 
(Fig. 9a) and outside the pebbles during the TPD test 
(Fig. 9b). 

  

  
Fig. 9. Possible paths of tritium from the external surface of a 
pebble to (a) and from (b) a gas bubble located inside a grain. 

After loading (or implantation) to beryllium, 
hydrogen isotopes (tritium, deuterium, protium) can 
form bubbles [13, 14]. To reach a bubble within a grain, 
tritium atom 3H1 can move to it by two different paths. 
First, it can start from A and move along a grain 
boundary on the path (a+b+c). Second, it can move 
starting from B on the path (a+c). Obviously, there is 
available a reverse situation during TPD tests when the 
tritium atom moves from a bubble to the external 

surface. It can move through the pebble both along grain 
boundaries and grain bodies. Of course, the mobility of 
tritium along grain boundaries is significantly higher 
than through grains. Practically, grain boundaries 
Therefore, the boundaries look like open channels 
facilitating tritium release from the material. We do not 
consider here directly adsorption/desorption processes 
on external surface of the pebble and on internal surface 
of the bubble where preliminary dissociation of a tritium 
molecule has to be before start of the tritium atom 
through the material. So, in principle, a more amount of 
open channels should encourage to a more facilitated 
tritium release. 

Regarding to the tritium release results (see Fig. 4), 
we discover the direct confirmation of positive impact of 
the open porosity on the tritium release growth and a 
good correlation of the peak temperatures with the Ti 
content in the beryllide pebbles as well. In particular, the 
homogenized pebbles have always comparatively less 
peak temperatures to the “as-received” pebbles. The 
increase of the Ti content is almost always accompanies 
by decrease of the peak temperatures. Concerning the 
total tritium release data (see Fig. 5) the open porosity 
network impact is also manifested clear as for the peak 
temperatures, i.e. the pebbles after homogenization 
demonstrate a lower total tritium release as in the state 
“as received”. 

For more clear understanding of the tritium release 
mechanism we consider an approach suggested in [15]. 
The effective activation energy of desorption Edes can be 
determined by varying of heating rate β and plotting log 
Tp (the peak temperature) against log β. Then, Edes can 
be obtained from the relation: 

Edes/kTp + 2 = d(log β)/d(log Tp), (1), 

where k, eV/K is Boltzmann constant. 

The effective activation energies of tritium 
desorption Edes calculated by using of the results 
obtained in this study represent in Fig. 10. There is a 
considerable scatter of Edes for the beryllides with 
different content of Ti, nevertheless, some consequences 
can be noted and analyzed. 
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Fig. 10. Effective activation energy of tritium desorption Edes 
for Be-7.0, 7.3, 7.7 at.% Ti pebbles. 
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According to the potential diagram of tritium in 
beryllium [16], to leave a bubble and then the pebble a 
tritium atom has to overcome a barrier EA: 

EA = ED + ES – EC + Em,  (2), 

where ED = 0.8-1.0 eV (for beryllium) is the desorption 
activation energy, ES = 0.2-1.0 eV (for beryllium) is the 
energy of solution of tritium in beryllium in interstitial 
position, EC is the activation energy for dissociation of 
tritium or 1H1

3H1 molecules (for most metal surfaces it is 
close to zero), Em = 0.2-03 eV (for beryllium) is the 
interstitial tritium migration energy. Therefore, for 
beryllium metal, EA = 1.2-2.3 eV. From our results for 
the titanium beryllide pebbles, the effective activation 
energy of tritium desorption Edes = EA because Edes is an 
integral characteristic which includes all involved 
activation energies from (2). Averaging Edes on each 
structural state such as “as-received” and homogenized 
one and on the heating rate (0.017 and 0.117 K/s, 
accordingly) and ignoring the Ti contents, we obtain 
from Fig. 10 for the “as-received” pebbles the barrier 
energy EA-R = 0.65 eV (for 0.017 K/s) and 0.89 eV (for 
0.117 K/s), for homogenized pebbles EA-H = 0.53 eV (for 
0.017 K/s) and 0.74 eV (for 0.117 K/s). This means that, 
first, both EA-R and EA-H < EA for pure beryllium; second, 
always EA-H < EA-R; third, EA-R and EA-H for 0.017 K/s 
heating rate less than that for 0.117 K/s. 

 

5. Conclusions 
After high-temperature loading of pebbles from Be-7.0, 
7.3, 7.7 at.% Ti by tritium/protium gas mixture and 
following TPD tests, the main conclusions can be as 
follows: 

1. The homogenization treatment leads to the abrupt 
increase of porosity in the titanium beryllide pebble 
microstructure with formation of an open porosity 
network that contributes to the facilitated tritium release. 

2. According to the obtained effective activation energy 
values of tritium desorption, the tritium release from 
titanium beryllide occurs comparatively easier than that 
from pure beryllium. 
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