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A B S T R A C T   

This paper presents the results of 4 reactor campaigns on the irradiation of biphasic lithium ceramics containing 
different ratios of lithium orthosilicate (LOS) and lithium metatitanate (LMT) components (25 and 35 mol% LMT 
in LOS). The size distribution of pebbles in pebble beds was 250–1250 μm and 500–710 μm, respectively. The 
studies were carried out sequentially with each type of ceramics. In experiments carried out using the vacuum 
extraction method, the composition of gases released from lithium ceramic samples was registered in in-situ 
mode. The absence of purge gas during the experiments minimized the possibility of T2O and HTO formation, 
significantly simplifying processing of the results and providing more opportunities for results analysis. The main 
goal of the present paper was to identify the general patterns of the release of gases with mass numbers M2 (H2), 
M4 (He + HT), M6 (T2) and M18 (H2O) from ceramic samples throughout the entire irradiation experiment in 4 
campaigns. Release trends of main gases with mass numbers M2, M4, M6 and M18 for all four campaigns are 
presented and their comparative analysis was performed. The average partial pressure of tritium release in the 
form of T2 and HT molecules for all campaigns was determined as 5.8 × 10-7 Torr. The dependences of formation 
rates of helium release peaks on the irradiation time were plotted. The nature of peak emissions does not have a 
monotonic relationship; upon irradiation, both an increase in the frequency of peaks and a decrease in it are 
observed. During irradiation, the process of peak helium release does not stop. 

The simulation was carried out by the finite element method, assuming that tritium release from the sample is 
determined by diffusion and desorption processes from the sample surface. The experimental curves are satis-
factorily described by a number of sets of desorption and diffusion parameters. One way or another they lie in the 
range of specified values. The Arrhenius dependences of the effective diffusion coefficient and desorption co-
efficient obtained for lithium ceramics 35 LMT are equal to: 
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The values of the effective diffusion coefficient and tritium desorption coefficient in 25 LMT ceramics were 15 
and 20% lower than in 35 LMT ceramics.   
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1. Introduction 

Taking into account the current level of technology development, the 
fusion reaction of deuterium and tritium light nuclei D + T = He (3.5 
MeV) + n (14.1 MeV) is the most accessible and effective reaction for use 
in fusion reactors. 

To implement a closed fuel cycle of a fusion reactor operating on DT- 
fuel, it is necessary to produce tritium inside the fusion facility itself. For 
these purposes lithium-containing materials are used in the breeder 
blanket and tritium is produced from lithium under neutron irradiation 
by the reaction 6Li(n,α)T. In solid breeder concept the tritium formed is 
collected using a purge gas, and then, after extraction and purification, is 
fed into the fusion reactor chamber and used as a fuel. 

Biphasic lithium ceramics based on lithium orthosilicate Li4SiO4 
(LOS) and lithium metatitanate Li2TiO3 (LMT) are one of the most 
promising materials for breeder blankets of future fusion reactors [1–6]. 
LMT and LOS have low activation compared to lithium zirconate 
Li2ZrO3 and lithium aluminate LiAlO2 and have satisfactory thermo-
mechanical and chemical properties [7–10]. Tritium generation in 
Li4SiO4 is higher than in Li2TiO3 due to the higher density of lithium 
atoms, but data on tritium release for Li4SiO4 vary greatly [11–13]. The 
concept of a biphasic mixture of Li2TiO3 and Li4SiO4 was developed by 
the authors of [14], in order to realize the beneficial complementarity of 
these materials. Later, the authors of [5,6] proposed their approaches to 
the production of this material. The authors of [15] proposed adding 
lead to the composition of biphasic lithium ceramics in order to increase 
the efficiency of tritium generation without increasing the lithium 
content, since it negatively affects the chemical inertness of the 
ceramics. 

Today very little information is available on the evaluation of tritium 
release from biphasic lithium ceramics. However, this criterion is one of 
the key parameters in the final choice of breeder material. Most exper-
iments on tritium release from ceramics are carried out according to the 
following scheme: the material is irradiated in a fission reactor, and then 
the release of accumulated tritium is separately studied in post- 
irradiation examinations (PIE). Such experiments were carried out 
with pebbles Li2TiO3-Li4SiO4 [16] and Li2TiO3–0.5Li4SiO4 [17], with 
sintered powders Li2TiO3–0.5Li4SiO4 [18], Li2TiO3–0.5Li4SiO4 [19] and 
Li2TiO3-0.5Li4SiO4–Pb [20], with Li2TiO3-Li4SiO4 pebbles coated with a 
layer of Li2TiO3 [21]. In [22], gas evolution from biphasic lithium 
ceramic pebbles of various compositions (20–30 mol% LMT in LOS) pre- 
saturated with tritium was studied. 

Interpretation of PIE results is quite complex, and does not take into 
account how changes in irradiation conditions affect the processes of 
tritium release in real time (such processes as diffusion in crystal grains, 
capture/release in radiation traps, association/dissociation with other 
atoms, adsorption/desorption on surface of the material). Also, in these 
works, the amount of helium released from the samples was not 
measured (which is produced from lithium in the same amount as 
tritium). Helium production is an important process, which subse-
quently causes various irreversible changes in ceramics. 

This paper presents the results of 4 reactor campaigns on the irra-
diation of biphasic lithium ceramics containing different ratios of LMT 
and LOS components (25 and 35 mol% lithium metatitanate). The size 
distribution of the pebbles was 250–1250 μm and 500–710 μm, 
respectively. The studies were carried out sequentially with each type of 
ceramics. In experiments carried out using the vacuum extraction 
method, the composition of gases released from lithium ceramic samples 
was registered in in-situ mode. The absence of purge gas during the 
experiments minimized the possibility of T2O and HTO formation, 
significantly simplifying processing of the results and providing more 
opportunities for results analysis. 

Previously, in [23,24], a comparison of the initial sections of reactor 
experiments was made for all campaigns, where the reactor was 
sequentially brought to power. However, the main goal of the present 
paper was to identify the general patterns of the release of gases with 

mass numbers M2 (H2), M4 (He + HT), M6 (T2) and M18 (H2O) from 
ceramic samples throughout the entire irradiation experiment in 4 
campaigns. 

2. Materials and method 

Four successive irradiation campaigns were carried out with lithium 
orthosilicate samples of various sizes containing 25 and 35 mol% of 
lithium metatitanate, respectively. 

Ceramic samples were manufactured at KIT using the melt-based 
KALOS process [4]. In this process first lithium hydroxide mono-
hydrate (LiOH⋅H2O), silicon dioxide (SiO2) and titanium dioxide (TiO2) 
were mixed and then subjected to heat treatment to remove residual 
water. The resulting composition was then poured into a platinum alloy 
melting crucible. The mixture was heated to a temperature of 
1300–1400 ◦C (depending on the composition) and fed through a 
nozzle, forming drops. Then the droplets were cooled with liquid ni-
trogen to solidify. The main parameters of the samples are given in 
Table 1 and in Fig. 1, more detailed information about the method is 
given in [4]. The size range of the pebbles was the standard fraction of 
250–1250 μm, or screened to the range of 500–710 μm, respectively. 
Irradiation of pebble beds of various sizes is due to the interest associ-
ated with the fact that for different pebble beds the packing factor will be 
different [25], and the kinetics of tritium release will be determined by a 
combination of parameters: the packing factor and the geometric di-
mensions of the pebbles themselves (and their quantitative distribution 
in the pebble bed). 

Experiments were carried out at the CIRRA (Complex of In-Reactor 
gas Release Analysis) facility [24,26–29], located at the WWR-K 
research reactor in Institute of Nuclear Physics, Almaty, Kazakhstan. 
The neutron spectrum of the WWR-K reactor is shown in Fig. 2. The 
experimental facility can be structurally divided into four key elements: 
the reactor ampoule device (AD) with the samples; the vacuum path and 
the pump-out system (including wide-range pressure sensors 
EdwardsWRG-NW25 with an accuracy of 15 % for pressures below 100 
mbar and 30 % for pressures below 1 µbar); the RGA-100 residual gas 
analyzer (with an accuracy of 10 %), as well as the gas inlet system, 
which uses a leaking valve to supply controlled gas flows into the 
chamber with samples during the experiment. 

Three thermocouples of chromel–alumel type (with accuracy ± 1 ◦C) 
were installed on the walls and bottom of the AD to measure the tem-
perature. Then this assembly was placed in the dry experimental channel 
of the reactor. The design makes it possible to use the AD several times. 
The samples were located in AD at the core center level. 

A sample of the pebble bed was placed in a stainless steel capsule, 
which was inserted into an evacuated irradiation ampoule device 
(Fig. 3). The experiment was carried out using the vacuum extraction 
method, during which the capsule with the sample was continuously 
pumped out by a turbomolecular pump at a speed of 100 l/s. Under such 
conditions, tritium leakage, i.e. its migration through the capsule walls 

Table 1 
Main parameters of Li2TiO3-Li4SiO4 pebbles.   

1st campaign 2nd campaign 3rd campaign 4th campaign 

Samples 25 LMT 
«Standard» 
(lithium 
orthosilicate 
with 25 mol% 
lithium 
metatitanate 

35 LMT 
«Standard» 
(lithium 
orthosilicate 
with 35 mol% 
lithium 
metatitanate) 

35 LMT «500 
− 710 μm» 
(lithium 
orthosilicate 
with 35 mol% 
lithium 
metatitanate) 

25 LMT «500 
− 710 μm» 
(lithium 
orthosilicate 
with 25 mol% 
lithium 
metatitanate) 

Pebble size, 
μm 

250–1250 250–1250 500–710 500–710 

Irradiation 
time, 
days 

5 22 22 15 

Weight, g 5.0266 5.0116 5.0233 5.0780  
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was considered negligible. Irradiation was carried out according to the 
scheme described in detail in [24]. First, the reactor was brought to the 
thermal power levels of 1, 3, 4.8 and 6 MW, then further irradiation 
occurred at 6 MW for the time periods indicated in Table 1. The average 
temperature of the ceramics during irradiation was about 680 ◦C. 

3. Results and discussion 

3.1. Results of reactor experiments 

Fig. 4 shows the diagrams of all four irradiation campaigns for 
samples of biphasic lithium ceramics at the WWR-K reactor. The dia-
grams, shown on the same scale for convenience of comprehension, 
reflect the time dependences of the release of gases with the following 
masses from the sample: M2, which corresponds to the release of 
hydrogen H2; M4, which corresponds to the release of gases HT and He; 
M6, which corresponds to the release of tritium in the form of molecule 
T2 and M18, which corresponds to the release of water vapor H2O. 

The authors assume that the main release of tritium from the sample 
occurs in the form of HT (blue line on the graph in Fig. 4) and T2 (purple 
line) molecules. The release of tritium in the form of tritiated water HTO 
amounted to no more than 5 % of the total amount of tritium and is not 
reflected on the graph. According to the authors, the ratio between the 
amount of HT, T2, and HTO molecules depends on the partial pressure of 
hydrogen in the experimental chamber and the concentration of 
adsorbed water molecules on the ceramic surface. 

The presence of H2O and H2 gases is explained by their unavoidable 
presence in the structural materials of the ampoule device and the 
experimental capsule with the sample. The graphs show that the level of 
these gases is approximately the same in each campaign and is of the 
order of 5⋅10-6 Torr, and then there is a decrease in this level to 5⋅10-7 

Torr by the end of irradiation. 
During irradiation in each campaign, additional experiments were 

conducted with changes in irradiation parameters (temperature, reactor 
power), as well as with the supply of different gases such as deuterium, 
hydrogen, carbon dioxide, and water vapor to the experimental chamber 
with the sample. Such plots are depicted as gaps in the general diagrams 
of the experiment. The results of the analysis of these irradiation sites are 
given in [23,30,31]. The site where the gradual shutdown of the reactor 
in the second campaign took place is discussed in detail in [32]. 

In this paper, the focus is on examining the trends of major gas 
release from two-phase lithium ceramic samples simultaneously for all 
four campaigns and comparing them. 

When interpreting the obtained results of changes in the gas 
composition in the chamber during irradiation, was authors of the 
present paper suggested that the release of the M4 peak can be 
decomposed into two components. One of them, responsible for the 
release of HT molecule (Fig. 5, in red), represents the lower level of the 
M4 release curve. And the second one, responsible for the variable 
component, refers to the peak release of helium from the ceramic. The 
release of tritium-containing molecules (HT and T2) from sample during 
the experiment should be observed simultaneously, i.e. if the peak 
release of gas with mass M4 is an HT molecule, then the release of M6 

Fig. 1. Pebble size distribution of the irradiated ceramic samples: a) 25 LMT; b) 35 LMT.  

Fig. 2. Neutron spectrum of the WWR-K reactor.  

Fig. 3. Irradiation ampoule device with capsule.  
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(T2) should also be of a peak nature. But in the experiment, it is not 
observed bursts in the release of the M6 mass, from which the authors 
made the assumption that the gas released in the form of peaks is He, 
which is formed in lithium in the same amount as tritium. The amplitude 
of the peaks increases with increasing irradiation time. The shape of 
helium peaks in enlarged scale is shown in Fig. 6. 

The kinetics of the release of the main tritium-containing gases, as 

well as the peculiarities of helium release from the sample, depend on 
the conditions and duration of irradiation. 

3.2. Analysis of gas release trends from ceramics 

Next, diagrams describing the main trends in the release of gases 
with mass numbers M2, M4, M6, and M18 from the lithium ceramic 
sample were plotted (Fig. 7). 

Using the example of the second campaign, it can be observed that, 

Fig. 4. Diagrams of reactor experiments with different samples of biphasic lithium ceramics.  

Fig. 5. Enlarged section of the M4 mass release diagram (HT level is marked in 
red). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 6. Pulses of gas release peaks with mass number M4 [29].  
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despite the decrease in the level of the M4 mass (blue line in Fig. 7 b), 
responsible for the release of HT and He, and the increase in the level of 
tritium in the form of the T2 molecule (purple), the total tritium level, 
accounting for the release of tritium atoms in the form of HT and T2 
molecules (turquoise line in Fig. 7 b), remains approximately constant. 
This pattern is observed for all 4 campaigns. The value of this level of 
tritium partial pressure is also approximately the same for all experi-
ments and is about 5.8⋅10-7 Torr (which is expected, since the mass of 
ceramics loaded into the capsule was approximately the same and was 
about 5 g). This means that on the ceramic surface the number of tritium 
atoms increases to a certain level and remains constant, while the 
number of hydrogen atoms decreases continuously. As noted above, 
hydrogen atoms on the ceramic surface appear as a result of adsorption- 
dissociation processes of hydrogen and water vapor from the gas phase. 
Therefore, it can be said that during irradiation there is a gradual 
decrease of hydrogen and water vapor pressure in all experiments. 

At the initial stages of irradiation, the proportionality between the 
decrease in the pressures of gases H2, H2O, HT + He and the increase in 
the pressure of gas T2 is quite well observed. However, over time, this 
proportionality begins to break down somewhat. In this connection, our 
assumption that the release of gas with mass number M4 does not 
contain a uniform helium release over the entire campaign period, but 
only peak releases, needs additional verification. 

This is due to the fact that our attempts to describe the processes at 
the surface showed that at the observed significant drop in the hydrogen 
and water vapor pressures in the chamber, the recorded HT gas pressure 
should have become less than the T2 gas pressure by the end of the 
experiment. We see that for campaigns 3 and 4 these pressures are 
almost comparable, but do not reach the expected ratio. According to 
our estimates, at the end of the campaign, the helium content can be up 
to 25 % of the total pressure of the gas with mass number M4. 

3.3. Helium peak release analysis 

Next, the dependences of the formation rate of helium peaks on the 
irradiation time were plotted (Fig. 8). Here, the average tritium release 
level (5.8⋅10-7 Torr) was chosen as a characteristic of the level that de-
termines the magnitude of the peaks (since the amount of tritium and 
helium produced in ceramics is the same). Further calculations took into 
account helium peak releases exceeding this level by at least 20 %. 

Data are presented for peaks ranging from 20 to 40 %, from 40 to 60 
%, from 60 to 80 %, from 80 to 100 % and above 100 % of the selected 
level. Peak counting was carried out for the entire duration of the each 
campaign. 

In general, the data presented in Fig. 8 formalize the following fea-
tures of the peak helium release during the experiment:  

• In general, peak emissions in the range of 20–40 % predominate 
throughout the entire campaign period for all samples and do not 
exceed a frequency of 12 peaks per hour.  

• Peaks of helium release in the range of 80–100 % and above 100 % 
appear after a significant irradiation time (more than 50–100 h). 

• The nature of peak emissions does not have a monotonic relation-
ship; upon irradiation, both an increase in the peak’s frequency and a 
decrease in it are observed.  

• When irradiated, the process of peak release of helium does not stop, 
as, for example, it occurs with lithium metatitanate in similar ex-
periments conducted earlier [33] (shown in Fig. 9). From our point of 
view, this is due to the process of helium escaping from open pores on 
the surface of the pebble. The process of increasing open porosity is 
predominant, since the rate of helium and tritium release from the 
ceramics increases as irradiation proceeds. It is impossible without 
additional research to assess the extent to which this process affects 
the structure of pebbles, but it has a positive effect on the yield of 
tritium from ceramics. 

Fig. 7. Main trends in the release of gases with mass numbers M2, M4, M6 and M18 from samples of biphasic lithium ceramics during irradiation.  
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3.4. Results of simulation of tritium release from ceramics 

The next stage of the work was simulation of the process of tritium 
release from biphasic ceramic samples at the initial stage of irradiation, 
including the first 8.5 h. During this period, the reactor was stepwise 
brought to the power of 1, 3, 4.8 and 6 MW. At the same time, the 
temperature of the samples was changed due to radiation heating. 

The simulation was carried out by the finite element method using 
the COMSOL Multiphysics software package [34], assuming that tritium 
release from the sample is determined by diffusion and desorption 

processes from the sample surface. Four parameters were varied in the 
model: the parameters of the Arrhenius dependence of the tritium 
diffusion coefficient D0 and Edif, and the desorption rate constants of 
tritium molecules K0, Edes corresponding to expressions (1) and (2): 

D = D0exp
(

−
Edif

RT

)

, (1)  

K = K0exp
(

−
Edes

RT

)

, (2)  

where D0 (m2/s) is the pre-exponent in the Arrhenius dependence of the 
tritium diffusion coefficient; Edif is the diffusion activation energy (kJ/ 
mol); K0 (m2/(mole⋅s)) is the pre-exponent in the Arrhenius dependence 
of the tritium desorption rate constant; Edes is the activation energy of 
desorption of tritium molecules HT and T2 (kJ/mol). 

Varying 4 parameters for the model simultaneously would result in a 
large number of these parameters sets that would satisfactorily describe 
the experimental curve. 

To obtain a unique (single) set of these parameters it was decided to 
divide the simulation procedure into 2 stages, with determination/ 
estimation of at least 2 parameters in the first stage and 2 parameters in 
the second stage of simulation. 

At the first stage of simulation, the estimated parameters of diffusion 
coefficients were obtained assuming that tritium release is determined 
only by diffusion processes in ceramic samples (i.e., diffusion is the 
limiting process). The changes of tritium concentration in the samples as 
well as the tritium flux from them were determined. The obtained values 
of the diffusion coefficient parameters were used as estimates for the 
diffusion-desorption model, which was further used to describe tritium 
release at the second stage of simulation. A detailed description of the 
simulation process of tritium release from ceramics determined by the 
diffusion-desorption approximation is given in [32]. 

Fig. 8. Helium peaks formation rate biphasic lithium ceramics samples during irradiation campaigns.  

Fig. 9. Time dependence of the rate of helium peak release from lithium 
metatitanate [33]. 
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Fig. 10 shows the results of tritium release simulation as a T2 
molecule. The experimental curves are satisfactorily described by a 
number of sets of desorption and diffusion parameters, they are within 
the range of the given values. 

The Arrhenius dependences of the effective diffusion coefficient and 
desorption coefficient obtained for 35 LMT lithium ceramics are found 
to be equal to: 

D = 5, 2 × 10− 11
(

m2

s

)

exp

⎛

⎜
⎜
⎝

− 21
(

kJ
mole

)

RT

⎞

⎟
⎟
⎠,

K = 1.21 × 10− 4
(

m2

s

)

exp

⎛

⎜
⎜
⎝

− 64
(

kJ
mole

)

RT

⎞

⎟
⎟
⎠.

The values of effective diffusion coefficient and tritium desorption 
coefficient of 25 LMT ceramics were 15 and 20 % lower than those of 35 
LMT ceramics. 

Authors suggested that one of the possible mechanisms of tritium 
release from ceramics is a mechanism related to both diffusion and 
desorption of tritium from the pebble surface and tritium release from 
the open pores of the pebbles. 

4. Conclusions 

Reactor experiments were carried out with 4 different samples of 
biphasic lithium ceramics. During irradiation, gases released from the 

samples was registered by the mass spectrometric registration system. 
Release trends of main gases with mass numbers M2, M4, M6 and 

M18 for all four campaigns are presented and their comparative analysis 
was performed. 

The average partial pressure of tritium release in the form of T2 and 
HT molecules for all campaigns was determined as 5.8 × 10-7 Torr. 

The dependences of formation rates of helium release peaks on the 
irradiation time were plotted. The nature of peak emissions does not 
have a monotonic relationship; upon irradiation, both an increase in the 
frequency of peaks and a decrease in it are observed. During irradiation, 
the process of peak helium release does not stop. 

The experimental curves are satisfactorily described by a number of 
sets of desorption and diffusion parameters. Simulation within the 
framework of the desorption and diffusion model made it possible to 
describe the obtained dependences of tritium release in the region of the 
beginning of irradiation for each reactor experiment and determine the 
Arrhenius dependences of the effective diffusion coefficient and 
desorption coefficient for lithium ceramics 35 LMT and 25 LMT. The 
values of the effective diffusion coefficient and tritium desorption co-
efficient in 25 LMT ceramics were 15 and 20 % lower than in 35 LMT 
ceramics. 

It is planned, based on new experimental data and using an approach 
that takes into account the porosity of the pebbles, to confirm (or refute) 
the mechanism proposed in the presented work for the release of tritium 
from ceramics, associated with both diffusion and desorption of tritium 
from the surface of the pebbles, as well as the release of tritium from the 
open pores of pebbles. 

Thus, as reactor experiments have shown, the release of tritium from 
the studied biphasic lithium ceramics of different types occurs in a 

Fig. 10. Results of tritium (T2) release simulation from biphasic lithium ceramics samples.  
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similar way: despite some differences in the diffusion and desorption 
parameters for ceramics of different types, the moment of equilibrium 
release of tritium from the irradiated samples occurs quite quickly, after 
which there is a uniform release of tritium throughout the entire irra-
diation time. 

The data obtained indicating the effective release of tritium from the 
studied ceramics will not be a significant selection criterion for such 
ceramics; apparently, the parameters of the ceramics characterizing 
them from the point of view of mechanical resistance under conditions 
of prolonged exposure to high temperature and irradiation will be more 
significant here. 

The results obtained in the experiments can be used in the analysis 
and selection of materials for solid ceramic breeder blankets. 
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