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A B S T R A C T   

Two-phase ceramics Li2TiO3-Li4SiO4 are one of the potentially promising materials for creating a ceramic blanket 
for DEMO reactor. However, until now, a limited number of studies have been carried out on the release of 
tritium from this material under the influence of neutron irradiation, which poses fundamental problems for its 
application. 

In this work, the pebbles of two-phase lithium ceramics consisting of 25 mol% Li2TiO3 and 75 mol% Li4SiO4 
were studied using thermal desorption spectroscopy (TDS) after their irradiation with neutrons at the WWR-K 
research reactor. Under the conditions of the irradiation experiment, which lasted 21.5 days at a reactor 
power of 6 MW, the samples were exposed to thermal neutrons with a flux density of 2⋅1013n/(cm2 × s). The 
thermal neutron fluence accumulated as a result of irradiation was 3.7⋅1019 cm− 2. 

It has been established that tritium comes out mainly in the form of HT molecules and has three visible TDS 
peaks, which can be described by three rates of the first-order desorption reaction with an activation energy of 
90 kJ/mol. Experiments have shown that the main amount of tritium is evenly distributed throughout the 
pebble’s pores and voids. Its yield is determined by desorption and transfer from inner voids to the boundaries 
that communicate with the outer surface of the sample. The kinetics of tritium release depends on the number, 
size and depth of the exit paths of such areas inside the ceramic.   

Introduction 

Fusion reactors operating on the basis of the D-T (deuterium–tritium) 
reaction represent a promising direction in the field of clean energy 
production. However, for such reactors to operate efficiently, it is 
necessary to generate and retain tritium (T), which serves as one of the 
fuel materials. Tritium breeding materials play a key role in this process, 
and one of the potentially promising materials for creating ceramic 
blankets is Li2TiO3-Li4SiO4 two-phase ceramics [1–4]. To date, 
numerous reactor studies on two-phase lithium ceramics have been 
conducted [5–7], including the authors of this article [8,9]. It should be 
noted here that the authors studied this ceramic in in situ experiments 
both within the framework of international projects [10] and national 

scientific programs of the Republic of Kazakhstan [11–13], devoted to 
problems in broad areas of nuclear and fusion energy: from issues of 
radioecology to plasma experiments on the tokamak KTM [14–21]. 
These studies have demonstrated that a deep understanding of tritium 
retention and release processes relies significantly on knowledge of 
structural changes and surface morphology of the specimens. However, 
handling a large number of specimens can present certain challenges. 
The uniqueness of this study lies in its provision of thermal desorption 
spectroscopy (TDS) results for an individual pebble, significantly 
broadening our comprehension of these processes. 

As our experiments and those of other authors [22–25] have shown, 
there are a number of radiation-stimulated processes that significantly 
affect the structure and, consequently, the processes of gas transfer in 
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materials. As for the direct study of irradiated two-phase lithium ce
ramics by other authors [26,27,4,6,7], they were also carried out mainly 
by the TDS method, which allowed us to determine a number of pa
rameters of tritium release. The studies presented in this article were 
performed with samples irradiated to significantly higher neutron flu
encies than in the above-mentioned works and may be interesting from 
the point of view of the development of the concept of the mechanisms 
of interaction of tritium with lithium ceramics. 

The objective of this study was to determine the mechanisms and 
features of the release of tritium produced in two-phase ceramics 25 % 
LMT + 75 %LOS using the TDS method. The results obtained may be 
important for the further development and optimization of ceramic 
blankets in fusion reactors and ensuring their safe and efficient 
operation. 

Samples studied 

In this work, samples of two-phase lithium ceramics consisting of 25 
mol% Li2TiO3 and 75 mol% Li4SiO4 (denoted as 25 %LMT + 75 %LOS), 
which were subjected to neutron irradiation at the WWR-K reactor in 
Almaty, Kazakhstan were studied. Under the conditions of a radiation 
experiment lasting 21.5 days at a reactor power of 6 MW, lithium ce
ramics in an argon (Ar) environment were exposed to thermal neutrons 
with a flux density of 2E13 n/(cm2⋅s). The temperature of the samples 
during irradiation did not exceed 320 K. The thermal neutron fluence 
accumulated as a result of irradiation was 3.7E19 cm− 2. 

Two-phase lithium ceramics Li2TiO3-Li4SiO4 is a material consisting 
of two different phases: Li2TiO3 and Li4SiO4. These phases have different 
crystal structures and chemical compositions, which makes them 
interesting objects to combine with the purpose to keep highest possible 
content of lithium from LOS and to gain better mechanical strength from 
LMT [1]. In this work, we studied the single composition 25 %LMT + 75 
%LOS. 

Pebbles with different compositions were fabricated by a melt-based 
process at KIT [1] and it was found that there is a eutectic point at about 
80/20 mol% LOS/LMT with a melting temperature of approximately 
1500 K. A significant increase in the mechanical strength was only ob
tained beyond the eutectic, i.e., at LMT contents of >20 mol% LMT. 

As the irradiated samples diameter ranged from 250 to 1250 μm, four 
pebbles with approximately the same size and weight were selected to 
conduct TDS experiments. Before the start of TDS experiments, each 
pebble was subjected to characterization and weighing. Detailed data on 
the mass of the samples are presented in Table 1. The exact dimensions 
of the pebbles were also determined using the ImageJ software [28]. The 
pebble diameter and the deviation from the average value are given for 
each pebble. 

Experiments 

TDS experiments were carried out on an installation designed for 
mass spectrometric analysis of gas evolution from irradiated materials in 
vacuum in real time. Fig. 1 shows a schematic diagram of the installa
tion. The TDS installation includes: vacuum pumping system, measuring 

system and experimental device (ED). 
The vacuum pumping system of the installation includes a turbo

molecular pump, a magnetic discharge pump and a fore-vacuum pump. 
When conducting TDS experiments, we used a high-vacuum oil-free 
pumping post based on a TwisTorr 304 FS turbomolecular pump and an 
IDP-7 dry spiral pump (Agilent Technologies both), which completely 
eliminates the possibility of high-molecular organic compounds entering 
the vacuum system of the installation. The post provides the pump-out 
rate – 200 l/s and limit vacuum 10-10 mbar. 

The measurement system of the installation includes a quadrupole 
mass spectrometer RGA-100 (Stanford Research Systems, USA), tem
perature and pressure sensors, a multi-channel data-logger, heating 
control and measuring equipment. Measuring equipment provides 
control, measurement and recording of parameters during experiments. 

The ED consists of: an experimental cell, a sealed lead-in, a heater, 
thermocouples and a transfer crucible. The capsule is prepared from 
molybdenum and is attached to an adapter made of stainless steel. The 
sealed lead-in is designed for installing one thermocouple inside the cell. 
There is also a second thermocouple at the cell bottom to monitor its 
external temperature. The geometric dimensions of the experimental 
device and appearance are shown in Fig. 2. 

The procedure for conducting TDS studies was as follows: a single 
test pebble was placed in a molybdenum transfer crucible, which was 
then loaded into the experimental cell. The entire system was sealed and 
pumped out with a turbomolecular pump (TP) to a pressure of about 10-3 

Pa. Then the heating of the pebble was turned on, and it was linearly 

Table 1 
Pebble characteristics.  

Pebble N◦1 N◦2 N◦3 N◦4 

Weight, mg 1.28 ± 0.02 1.32 ± 0.02 1.28 ± 0.02 1.28 ± 0.02 
Diameter, mm 1.17 ± 0.2 1.21 ± 0.4 1.20 ± 0.4 1.18 ± 0.3 
Appearance 

Fig. 1. Thermal desorption mass spectrometry setup. 1 – sealed lead-in; 2 – 
experimental cell; 3 – heater; 4 – pebble; 5 – thermocouples; P1-P2 – pressure 
sensors; TP – turbomolecular pump; MS – mass spectrometer; IPS – magnetic 
discharge pump; SP – dry spiral pump; V – volume with supplied gas; H – 
precise leak-in. 
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heated at a rate of 10 K/min to a temperature of 373 K, and maintained 
at this temperature for 30 min, this is necessary to reduce the back
ground level of atmospheric gases in the pebble area. Then it was fol
lowed by linear heating of the pebble at a rate of 5 K/min or 10 K/min to 
a temperature of 1173 K, with holding at this temperature for 5 min. 
After that the pebble was cooled at a rate of 20 K/min. Temperature 
control was carried out by a PID controller (proportional-integra
l–differential) using an external thermocouple (T2). Throughout the 
experiment, a gas mass spectrometer recorded changes in the compo
sition of gases in the experimental cell. When conducting TDS experi
ments, in addition to mass spectrometric data, changes in temperature 
from the readings of two thermocouples (T1-T2) and absolute pressure 
in the installation chamber (P1-P2) were recorded by data-logger. 

When conducting the TDS experiments, the following main param
eters of the RGA (Residual Gas Analyzer) 100 mass spectrometer were 
established:  

– Detector type: Faraday cup;  
– Electron energy: 70 eV;  
– Focusing voltage: 50 V;  
– Emission current: 0.05 mA;  
– Channel Electron Multiplier (CEM): disabled.  
– Mass registration range: 1–46 a.m.u. 

Results and discussion 

The primary analysis of the obtained mass spectrometer data showed 
that the main gases for which noticeable changes in partial pressures are 
observed have the following mass numbers: M2, M3, M4, M6, M12, 
M14, M16, M17, M18, M19, M20, M22, M28, M32, M40, M44. For 
further work with mass analysis data and construction of a complete 
diagram of the temperature dependence of changes in the composition 
of gases in the working chamber with the sample, the mass numbers 
given above were considered. 

The main and most informative period of these experiments is the 
area during linear heating of the pebble from 400 K to 1173 K. There
fore, for further discussion of the data obtained, let us present the linear 
heating area as the temperature dependence of the change in the gas 
composition in the experimental cell with the samples (see Fig. 3). 

Here, let us make a note that the initially obtained mass-spectra 
require some processing, since the mass spectrometer registers, in 
addition to the main peak according to the mass number (M) of the gas, a 
superposition of peaks of other mass numbers (as ionized fragments of a 
gas molecule with mass number M, and different molecules containing 
different isotopes of the element included in the gas molecule). This 
leads to the known fact that for some mass numbers the peaks will be 
determined by the superposition of different contributions from 
different gas molecules. Table 2 clearly shows the spectra of gases that 
correspond to the mass numbers of interest. As can be seen, among the 

Fig. 2. Appearance and drawing of the experimental device.  
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mass numbers of interest, coincidences occur for many other gases. 
To decipher the RGA-100 mass spectra and to obtain real values for 

the gases under study in the chamber, a system of linear equations was 
solved: 

Mz =
∑

i
γz,i × Mi (1)  

where Mz - peak value in the mass-spectrum for mass number z, Mi – 
partial pressure of gas i, γz,i – ratio of i gas in the peak of Mz. 

From the experimental data of TDS experiments it is clear that in 
addition to tritium-containing gases (HT, T2, HTO, T2O) and helium 
(4He), there are atmospheric gases (N2, O2, Ar, CO2), water (H2O) and 
hydrogen (H2). 

We attribute the presence of atmospheric gases and water vapor in 
the TDS spectra to the fact that after irradiation the samples were 
removed from sealed cell and left in an open atmospheric environment. 
As a result, water and atmospheric gases penetrate into the pores and 
intergranular voids, where they were enclosed in various kinds of traps 
(V1-V3). Additionally, filling with atmospheric gases occurred. 

Next, let us consider the gas evolution of water vapor. The mass 
spectrum of water is decomposed into the following ions: H2O (M18), 
HO (M17), O (M16), H2

17O (M19), H2
18O (M20). Let us consider sepa

rately the changes in pressure during TDS for these mass numbers, see 
Fig. 4. 

It can be seen that pressure changes for gases with mass numbers 
M18, M17, M19 have the same kinetics. The difference for gases with 
mass number M16 is easily explained by the large number of overlaps 
from different gases according to Table 2. For gases with mass number 
M20, a significant portion of the contribution to the peak is determined 
by the water isotope H2

18O (natural), against which the contribution for 
the HTO molecule is difficult to determine. The same situation occurs 
when assessing the release of tritium water (T2O – M22). Here the main 
contribution to the peak is the doubly ionized CO2

++ molecule. Anyway, 

the magnitudes of these peaks are significantly smaller than the peak of 
tritium release in the form of an HT molecule and may not be taken into 
account in the balance of released tritium. The data on the content of 
water and HT molecule in the gas composition obtained in our study 
agree with the results of the work published in the Journal of Nuclear 
Materials [29]. This confirms that the influence of humidity on the 
chemical composition and temperature characteristics of hydrogen 
isotope release plays a key role in the processes related to tritium 
control. 

The obtained results of the TDS spectra can be explained by complex 
sorption–desorption processes and chemical reactions occurring both on 
the surface of the sample and on the walls of the working chamber and 
crucible. The complexity is further compounded by the presence of 
numerous atmospheric gases and water vapor that interacted with the 
surfaces of the samples both before and after the irradiation experi
ments, despite the fact that the irradiations were carried out in an argon 
atmosphere. The schematic diagram below illustrates the primary re
actions (see Fig. 5), which will be discussed in more detail later. 

If we divide the mechanisms of gas release according to the tem
perature scale, we can distinguish four characteristic zones with regard 
to the release and processes on surfaces. 

The first zone, covering the temperature range from 400 K to 500 K- 
550 K, determines the background level of gases in the chamber with the 
sample. This background is due to the release and migration of water 
and atmospheric gases from open pores and defects of the pebble (traps 
of the first type in the figure are indicated as V1). 

In the second zone, some activation of the pebble surface occurs (500 
K-550 K). 

We believe that initially the surface of the irradiated samples is 
depleted in oxygen and has a dark tint (see Table 3). Oxygen vacancies 
on this surface can interact with various elements: 

Fig. 3. TDS data. Temperature dependence of changes in partial pressure of gases for samples No. 1–4 in the range from 400 K to 1173 K.  
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• Interaction with H2O: Water molecules in contact with the surface 
can form O–H complexes, leaving free hydrogen atoms on the surface 
of the sample (a reversible process).  

• Interaction with CO2: Carbon dioxide molecules reaching the surface 
from the gas phase can form O-C complexes, leaving free oxygen 
atoms on the surface of the sample. The O-C complexes are then 
desorbed from the surface, forming carbon monoxide gas. 

In addition, H2O can undergo reactions with Li4SiO4. 

Li4SiO4 +H2O→Li4SiO3 + 2LiOH (2)  

Associated H2 molecules can also undergo reactions with Li4SiO4. 

Li4SiO4→H2→Li4SiO3 +H2O (3)  

In the second stage, LiOH reacts with CO2, forming Li2CO3 [30]. 

2LiOH +CO2→Li2CO3 +H2O (4)  

H2 molecules falling on the surface can dissociate into individual atoms. 
Free tritium atoms are delivered to the surface of the ceramic from the 
bulk due to the processes of diffusion and mass-transfer. Considering 
that the number of free hydrogen atoms is several orders of magnitude 
greater than the number of tritium atoms, the desorption process turns 
out to be much “faster” compared to the speed of tritium delivery to the 
surface. As a result, tritium atoms associate with hydrogen atoms and 
are desorbed in the form of an HT molecule. 

The HT release front is observed at temperatures of about 550 K, 
which is almost the same for all four experiments and is characterized by 
rapid desorption of tritium from the sample surface (Peak 1). Further, it 
is in this zone that water and atmospheric gases have a high peak of 
release, which is associated with the opening of traps of the second type 

(V2). After this, due to the increase in the surface of the sample, Peak 2 
of HT release occurs (see Fig. 7). 

The third zone starts from 800 K to 850 K, where, as we believe, the 
surface of the sample replenishes the oxygen balance and acquires a 
natural white tint (see Table 3). 

In this zone, water and atmospheric gases give a second peak of 
release, associated with the exit from traps of the third type (V3). The 
peak of atmospheric gases is followed by a third peak of HT release, 
associated with the exposure of additional surfaces. 

The observed intense release of CO2 may be a consequence of re
actions of Li2CO3 with Li2SiO3 accumulated in the surface layer [11,31]. 

Li2SiO3 +Li2CO3→Li4SiO4 +CO2 (5)  

Immediately after the decrease in the CO2 level in the chamber with the 
sample, due to the restoration of the sample surface by Li4SiO4, the 
release of hydrogen tends to approach the Peak 3. 

In the fourth zone, the most significant increase is observed for the 
release of CO gas. This is due to the heating of the stainless-steel walls 
(the upper part of the experimental cell), where CO and H2 are actively 
produced. The partial pressure of H2 (M2) also has a significant increase 
in this area. Experiments conducted with the crucible without a sample 
showed comparable values for the gas data in Zone 4. 

It is also worth emphasizing that our measurements of the mass of 
samples before and after TDS experiments showed that, despite the 
noticeable release of gases, mass losses were insignificant and did not 
exceed the limits of the measurement error of the equipment used. 

Analysis of results 

According to the obtained TDS data and the conclusion made in the 
previous section, we can conclude that all tritium is predominantly 

Table 2 
Interpretation of the RGA mass spectrum for TDS experiments.  

++ – doubly ionized gas. 
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located in two main components present in the mass spectrum: M3 (T) 
and M4 (4He + HT), the release of tritium in the form of a molecule T2 
(M6) not visible. We here assume, based on our experience conducting 
TDS experiments with LMT (Li2TiO3) samples [32], that the release of 
accumulated helium in such experiments occurs at temperatures 
exceeding 1300 K and is complete only at temperatures close to the 
melting point. 

As for the change in pressure for peak M3, it is initially determined 
by the pressure of the neighboring peak M2, this can be seen from the 
diagram (see Fig. 6), but a simultaneous further increase in the partial 
pressure of peaks M3 and M4 suggests that this is still a peak of the 
ionized tritium atom. Nevertheless, the influence of H2 on M3 remains 
dominant, since the level of M2 is 100 times higher than the level of M4 
and M3 in the experiment, and an attempt to include T (M3) in the 
balance leads to significant errors. 

To assess the release of tritium-containing gases, let us consider the 
release of HT. From the results presented in Table 4, it follows that a 
decrease in heating rate causes a shift of all peaks toward lower tem
peratures, which corresponds to typical RTD dependences in various 
models. This shift is explained by the change in desorption kinetics at 
different heating rates. This is especially true for the first peak, whose 
shift depends to a greater extent on the surface condition of the sample, 
indicating a significant influence of surface processes on tritium 
desorption. Differences in peak displacement between samples heated at 
the same rate can be related to the variety of structural and geometric 
characteristics of the samples. The release front is clearly visible in the 
summary Fig. 7, which is rapidly growing in the first peak zone. Here, 
the main contribution comes from free tritium atoms already deposited 
on the surface and subsurface layers of the ceramic sample. 

Then, in the zone of the second peak, HT are intensively desorbed 
from the cleaned surface of the sample, due to the release from traps of 
the second type (V2). In the region of peak reduction, additional surfaces 

are opened due to the release of traps of the third type (V3), as a result of 
which the third peak appeared. 

Based on the obtained TDS dependences, the integral amounts of 
released tritium from irradiated lithium ceramic samples were esti
mated, which coincided well with each other (see Table 5). In addition, 
using the developed model of the WWR-K core and irradiator, as well as 
MCNP software for particle transport analysis, the prediction of tritium 
formation in the 6Li (n,α)T reaction in two-phase lithium ceramics was 
carried out. Theoretical calculations based on the density (2.84 g/cm3) 
and total volume of irradiated samples (0.20 cm3), as well as the reac
tion rate (2.16E13 reactions/cm3⋅s), suggested tritium formation in the 
ceramics of approximately 6.8E-4 mol/cm3 in 21.5 days. Comparison of 
the theoretical calculations with the experimentally determined values 
of the total amount of released tritium showed a good order of magni
tude match. 

The resulting TDS curves can be described by three desorption peaks 
of tritium yield from traps of limited capacity (V1-V3) of the following 
form dCi/dt = − ratei (Ci – the surface concentration of tritium atoms), 
where, ratei = kdes × Ci × qi. Then the desorption coefficient may be the 
same for all peaks and was defined as: 

kdes
[

s− 1] = 300 × exp
(
− 1.45 [eV]

kBT

)

(6)  

The obtained values of the parameters of the tritium release gas constant 
for sample 3 (second peak) were compared with the data for the de- 
trapping rate constant [6] (see Table 6). Small differences may be due 
to the specifics of our samples, such as microstructure or composition, as 
well as to the experimental conditions. 

Next, the values of qi and the initial concentrations of tritium in traps 
Ci.0 were selected (see Table 7). An example of the simulated curve for 
sample 3–4 is shown in Fig. 7. 

Fig. 4. Temperature dependence of changes in partial pressure of water in the range from 400 K to 1173 K.  
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Conclusion 

Studies using the method of thermal desorption spectroscopy on 
irradiated two-phase lithium ceramics 25 mol% Li2TiO3 + 75 mol% 
Li4SiO4 made it possible to qualitatively describe the processes of tritium 
release and to propose a reasonable mechanism for the release of tritium 
from samples when they are linearly heated to 1173 K. This mechanism 
can be formulated as follows:  

• The release of tritium is predominantly desorption in nature. This 
means that tritium is released from the samples as a result of 
desorption from the outer and inner surfaces of the material.  

• Most of the released tritium comes out as HT molecules. This is due to 
the presence of a significant amount of water molecules (H2O) and, 
therefore, hydrogen molecules (H2) in the sample chamber.  

• Experiments have shown that the main amount of tritium is evenly 
distributed throughout the ceramic volume. Its output is determined 
by transfer from voids and traps to the boundaries that communicate 
with the outer surface of the ceramic. The kinetics of tritium release 
depends on the number, size and depth of the exit paths of such areas 
inside the ceramic.  

• Based on the analysis of TDS dependences, the integral amounts of 
released tritium from irradiated lithium ceramic samples were esti
mated, and these estimates correlate well with each other. 

• Simulation made it possible to determine the temperature depen
dence of the tritium desorption coefficient in irradiated two-phase 
lithium ceramics and to estimate capacities of main traps.  

• As for helium, it is assumed that the main amount of helium is 
retained in the volume of ceramics up to temperatures close to the 
melting point. 

These results and the mechanism of tritium release during linear 
heating of lithium ceramic samples may be important for understanding 
the behavior of materials in fusion reactors and contribute to the further 
development of nuclear energy. 

Fig. 5. Schematic illustration of the main processes in a cell with a sample of irradiated two-phase lithium ceramics using the example of the results of an experiment 
with pebble N◦3. 

Table 3 
Changes in the appearance of irradiated pebble N◦1 before and after TDS 
experiment.  

Pebble N◦1 

Before TDS After TDS 
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