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A B S T R A C T

The development of liquid breeding blanket technologies for ITER and DEMO, based on eutectic Pb-Li, faces 
significant challenges due to the unknown solubility of hydrogen isotopes in Pb-Li. Reported values in the 
literature span several orders of magnitude, creating substantial uncertainty in experimental design and data 
interpretation of Tritium Extraction and Removal System (TERS) technologies. In this work, deuterium is dis
solved into eutectic Pb-Li using a stationary method and quantified via a mass balance analysis performed at the 
point of steady-state. The average atomic deuterium concentrations dissolved in Pb-Li are 1.5 ± 0.3 and 0.7 ±
0.2mol m− 3, at dissolving pressures of 947 and 472 hPa, respectively, and 673 K. The obtained Sieverts’ constant, 
(4.3 ± 1.1) × 10− 3 mol m− 3 Pa− 1/2 at 673 K, is determined considering deuterium permeation through the 
chamber walls and with a known Pb-Li composition of 15.2 ± 0.2 at.% Li. This value is presented with a rigorous 
uncertainty analysis and widely discussed with regard to previously reported data in the literature.

1. Introduction

The liquid breeding blanket concept to be tested in ITER, Water 
Cooled Lithium-Lead (WCLL), as well as other liquid candidates for the 
EU-DEMO, Helium Cooled Lithium-Lead (HCLL) and Dual Coolant 
Lithium-Lead (DCLL), rely on the Pb-Li alloy to generate the tritium 
required to fuel the fusion plasma [1–3]. The eutectic mixture, 15.7 at.% 
Li [4,5], is used due to its minimum melting point (at 508 K).

Experimental research on breeding blanket technologies, particu
larly the validation of Tritium Extraction and Recovery Systems (TERS), 
presents significant challenges. Operating with Pb-Li and hydrogen 
isotopes requires an environment free of oxygen and water, high tem
peratures, and materials that are compatible with Pb-Li and, eventually, 
tritium. Moreover, one of the major obstacles in TERS development is 
the wide discrepancy in reported solubility values of hydrogen isotopes 
in eutectic Pb-Li in literature, spanning several orders of magnitude (see 
Fig. 7) [6–20]. Reasons for the reported discrepancies have been 
examined in previous review studies [21–23], which primarily 
concluded the following: 

- The method used to determine the Sieverts’ constant significantly 
influences the results. Typically, absorption methods yield higher 

values than permeation methods, while desorption methods tend to 
produce even lower solubility values.

- The solubility of hydrogen isotopes increases with the lithium con
centration in the Pb-Li allow.

- The complete chemical composition of Pb-Li, including trace impu
rities, also affects solubility measurements. However, composition 
analyses are not often reported in published studies.

In this work, we present a detailed method for dissolving deuterium 
in Pb-Li, in the framework of experimental validation of TERS tech
niques. The experimental results include the quantification of dissolved 
deuterium and the corresponding Sieverts’ constant, together with a 
composition analysis of the Pb-Li alloy. These results stem from a 
carefully designed experimental strategy, a methodical evaluation of 
deuterium permeation into the structural materials (which is rarely re
ported), and a rigorous uncertainty analysis.

2. Experimental facility and Pb-Li

2.1. The experimental facility

An experimental facility, described in [24] and operated with 
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deuterium (D2), was built at the TLK to investigate one TERS technique, 
the Vacuum Sieve Tray (VST). It features two chambers, one to perform 
the dissolution and another one for the extraction, both connected by 
two pipes to close the Pb-Li loop. This facility was used to study the 
dissolution process, which is crucial to reliably determine the amount of 
deuterium dissolved (and ultimately an extraction efficiency).

The dissolution chamber, made of stainless steel 316 L, has di
mensions of 0.25 m in diameter and 0.095 m in height (see Fig. 1). It is 
designed to maximise the gas–liquid interface thereby favouring the 
dissolution process. The internal volume has been measured with a high 
accuracy method [25] to be (4.88 ± 0.02) × 10-3 m3.

A pressure sensor, RP-01, of full-scale 3 × 105 Pa (model PTA227, 
EFE), is positioned at a cold finger due to its working temperature lim
itation, and has an uncertainty of ± 1.08 hPa (after accounting for cal
ibrations of the sensitivity shifts with temperature). To measure the gas 
and liquid metal temperature, and the Pb-Li height, five thermocouples 
(K type) are positioned at different heights in the chamber (see RT-01 – 
RT-05 in Fig. 1). During the dissolution, RT-01 and RT-02 measure the 
gas temperature while the sensors RT-03 and RT-04 are immersed in Pb- 
Li.

2.2. The lead–lithium

15.10 kg of Pb-Li (99.95% purity, 15.7 at.% Li), supplied by the 
company CAMEX, spol. s r. o., were introduced into the dissolution 
chamber, in form of ingots, after undergoing a sanding process to 
remove any oxide layer. From the moment the chamber was closed until 
the first dissolution experiment, the Pb-Li was under evacuation during 
four weeks at 453 K and the subsequent three weeks at 673 – 713 K, with 
argon flushing cycles (during the commissioning of the setup), to elim
inate any possible remaining oxides. The composition of the Pb-Li was 
analysed after the experimental campaign by the Chemical Analysis 
group in IAM-AWP, KIT, with inductively coupled plasma atomic 
emission spectroscopy (ICP-AES). Table 1 shows the results of the 
composition analysis.

The lithium content (also analysed prior to the experimental 
campaign) was found to be inhomogeneous. Thus, the deviation from 
the eutectic point, with a measured lithium concentration of 0.592 wt% 
(15.2 ± 0.2 at.%), is attributed to the incomplete homogeneity of the 
provided mixture. Additionally, the melting point of the ingots inserted 
in the facility, in the range of 511 – 513 K, is in agreement with the 
atomic concentration 15.2 at.% Li, from the Pb-Li phase diagram re
ported by Hubberstey et al. [5]. It is important to note that a small de
viation in the atomic concentration of lithium (and inhomogeneity) 
seems to be a common issue in the manufacturing of eutectic Pb-Li [21]. 
This may be explained by the low atomic concentration of Li and the 
large difference of atomic mass with respect to Pb.

3. Methodology

3.1. Procedure and evaluation of D2 dissolved

The dissolution procedure consists in introducing D2 into the disso
lution chamber, containing the liquid Pb-Li, up to a desired pressure. 
With the chamber sealed, the pressure decrease, due to dissolution of D2 
into the Pb-Li, and temperature are monitored over 48 h. According to 
Sieverts’ law, D2 molecules dissociate on the liquid metal surface and 
dissolve as atomic deuterium. When equilibrium is reached, the atomic 
concentration of deuterium (in molD m− 3) is theoretically defined by: 

CD = Ks
̅̅̅̅̅̅̅pD2

√ (1) 

where pD2 represents the partial pressure of D2 in the gas phase (in Pa), 
and Ks is the solubility coefficient or Sieverts’ constant (in molD m− 3 

Pa− 1/2). In this study, the concentration is determined from the pressure 
decrease in the chamber (as explained below), and the Sievert’s constant 
is calculated with equation (1).

During a typical dissolution experiment, the amount of D2 gas 
initially inserted in the chamber decreases over time due to its diffusion 
into both the liquid Pb-Li and the stainless-steel walls, as shown in Fig. 2
a). Once the equilibrium in the Pb-Li is reached (hereafter referred to as 
τdiss), the amount of deuterium dissolved in the Pb-Li, nD2[PbLi], cannot 
be accurately calculated using Sieverts’ law due to the aforementioned 
discrepancy in literature values. Instead, a mass balance in the gas phase 

Fig. 1. The dissolution chamber dimensions and position of pressure (RP) and 
temperature (RT) sensors.

Table 1 
Composition analysis of the Pb-Li after the experimental campaign (2500 h 
molten). The combined mean values and standard deviations (SD) are calculated 
from two samples, analysed at three positions each. Ti, Zn, Ag, Sn, Sb were also 
analysed and found below detection levels.

Element Unit Mean value SD

Li wt.% 0.592 0.033
Cr wt.% <0.001 0.0003
Mn wt.% <0.001 0.00004
Fe wt.% 0.001 0.002
Ni wt.% 0.004 0.0009
Cu wt.% 0.001 0.0005
Pb wt.% 98.80 0.14
Bi wt.% 0.005 0.004

Total: wt.% 99.404

Fig. 2. a) scheme of a dissolution experiment, depicting amount of d2 gas in the 
chamber (nD2), D2 lost through the non-wetted walls (nD2[ss]) and D2 dissolved 
into Pb-Li (nD2[PbLi]). b) Time evolution of D2 gas in the chamber, with ΔnD2 
being the amount of D2 that has entered both Pb-Li and stainless-steel walls 
until τdiss.
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is employed to quantify the deuterium dissolved in Pb-Li, as follows: 

− ΔnD2 = nD2[ss] + nD2[PbLi] (2) 

where − ΔnD2 refers to the variation of D2 in the gas phase in the 
chamber, as shown in Fig. 2 b); nD2[ss] is the amount of D2 lost through 
the stainless-steel walls of the chamber, and nD2[PbLi] is the amount of D2 
dissolved into the Pb-Li. nD2[PbLi] is determined following four main 
steps: 

1. Evaluation of the time at which equilibrium inside the Pb-Li is 
reached (τdiss). This is considered to be the dissolution time. Beyond 
τdiss the Pb-Li is saturated, i.e., the deuterium net flux is zero: atoms 
that enter the liquid metal, also leave it through the wetted surfaces 
[26]. Therefore, the mass balance to determine the deuterium dis
solved has to be evaluated at τdiss. The present approach assumes that 
before τdiss no D2 (or a negligible amount) escapes the liquid metal.

2. Evaluation of the total amount of gas lost into Pb-Li and stainless 
steel until τdiss (ΔnD2). With the time evolution of pressure and 
temperature of the D2 gas inside the chamber, the curve nD2(t), as in 
Fig. 2 b), is obtained with the ideal gas law (equation (4)). ΔnD2 is the 
difference between the initial amount, nD2(t0), and nD2(τdiss).

3. Evaluation of the amount of D2 permeated through the walls (nD2 

[ss]). It involves the following steps: 
a. Permeation experiments without Pb-Li are done to determine 

experimentally the D2 that permeates through the whole chamber 
under the same conditions of p and T as those used during the 
dissolution phase (Fig. 3 a)). Note that the obtained amount nD2 

[ss*] is marked with an asterisk to denote permeated through all 
the walls (to distinguish it from nD2[ss], which denotes permeation 
only through the non-wetted walls, as in Fig. 2 a).

e. The percentage of D2 permeated through the top surfaces 1 and 2 in 
Fig. 3 b) (χtop) corresponds to the non-wetted walls in a dissolution 
experiment. χtop is theoretically calculated using the literature data 
of permeability for stainless steel, the thicknesses of the walls and 
their temperature profile, as shown in Fig. 3 b).

f. χtop is applied to the experimental total value nD2[ss*] above calcu
lated (a.) to obtain the amount of D2 that permeates through the non- 
wetted walls in the dissolution experiments, nD2[ss], as follows:

nD2[ss] = χtopnD2[ss∗] (3) 

4. Determination of the amount of deuterium dissolved in the Pb-Li 
(nD2[PbLi]), with equation (2).

In order to ensure repeatability and to verify the leak-tightness of the 
dissolution chamber, the following procedure was carried out between 
experiments: 

1. The Pb-Li is drained from the dissolution chamber to another 
chamber.

2. A four-day long bake-out is performed to the whole setup at 723 K 
with active evacuation.

3. The Pb-Li is recirculated back into the dissolution chamber.
4. Thermalization until the operation temperature (673 K) is achieved 

after 6 h, with continuous evacuation.
5. A 16-hour vacuum test with the chamber closed is conducted to 

verify a leak rate below 6 × 10-5 mbar l/s.

The same procedure is followed for the experiments without Pb-Li 
(without steps 1 and 3).

This procedure conducted before each experiment guarantees that 
the pressure decrease is only due to dissolution into Pb-Li and perme
ation through the stainless-steel chamber walls.

3.2. Experimental campaign

The experimental campaign is divided into two sets: 

(i) First, three permeation experiments without Pb-Li (as in Fig. 3) 
were conducted. Two of them, at an initial pressure of pD2 = 1000 
hPa, were performed to verify repeatability, and a third experi
ment was carried out at pD2 = 500 hPa. The heater at the bottom 
of the chamber was kept at 684 K in order to maintain a tem
perature profile in the chamber as close as possible to the one in 
the dissolution experiments.

(ii) Afterwards, the Pb-Li was introduced in the chamber and six 
dissolution experiments (as in Fig. 2) were performed. Runs #01, 
#02, #03 and #06 were conducted at an initial gas pressure pD2 
= 1000 hPa, and runs #04 and #05 start at pD2 = 500 hPa. All 
experiments were performed at TPbLi = 673 K and at a dissolution 
time of 48 h.

3.3. Gas accountancy and error calculation

As mentioned before, the time evolution of the amount of D2 gas 
inside the chamber is calculated using the ideal gas law: 

n =
pV
RT

(4) 

with n being the amount of D2 (in mol), p, its pressure (in Pa), V, its 
volume (in m3), R = 8.314 J K− 1 mol− 1, the ideal gas constant, and T, the 
temperature of the gas (in K). Assuming only radiation from the top and 
bottom (“infinite”) surfaces, T is determined with [27]: 

T =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

T4
α + T4

β

2
4

√

(5) 

where Tα and Tβ, are the temperatures measured by RT-01 and RT-03, 
respectively (both in K).

The uncertainty assessment has been carefully tackled, attending to 
the systematic and random errors of each pressure and temperature 
sensor and following the general equation for error propagation [28]: 

δf(xi)
2
=

∑N

i=1

(
∂f
∂xi

)2

δx2
i (6) 

Fig. 3. a) scheme of a permeation experiment (without pb-li), depicting the 
amount of d2 lost through the walls (nD2[ss*]). b) Temperature profile used in the 
permeation calculations at the four permeation sections, 1: upper flange, 2: 
non-wetted wall, 3: wetted wall, and 4: wetted lower flange. T2 and T3 are 
interpolated from the measured temperatures RT-01, RT-03 and RT-05.
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4. Results

4.1. Dissolution experiments: quantification of gas decrease (dissolved 
into Pb-Li and walls)

After the chamber containing the Pb-Li has been evacuated and 
thermalised, D2 is injected for about one minute, until the required 
initial pressure is achieved. Once the valve is closed, the evolution of D2 
pressure (p) and temperature (T) during the dissolution run#01 is shown 
in Fig. 4. The gas pressure decreases as the deuterium diffuses into the 
Pb-Li and the stainless-steel walls. The gas temperature (T) is calculated 
with equation (5) and its thermalization takes around 4 h, as seen in 
Fig. 4. However, note that the variation in temperature is less than 2 K 
(in all runs), in comparison with the uncertainty (about ± 8 K), thus, the 
temperature can be considered constant during the whole dissolution 
experiment. The gas volume, Vgas = (3.65 ± 0.04) × 10-3 m3, is calcu
lated by subtracting the chamber volume, (4.88 ± 0.02) × 10-3 m3, and 
the Pb-Li volume (VPbLi = 1.23 × 10-3 m3, in run#01). VPbLi in the 
dissolution chamber slightly changes (< 5%) for each experiment due to 
the re-circulation of Pb-Li through the entire experimental setup be
tween runs (as mentioned in Section 3.1). With the sensors RT-02 and 
RT-03 (see Fig. 1), the Pb-Li level would only be known for hPbLi = 20 
and 30 mm. Thus, a Matlab routine has been used to improve the ac
curacy (from ± 22% to ± 3%) of the Pb-Li height and volume. This 
routine is based on [29] and takes into account the full geometry of the 
setup, Pb-Li levels in the different parts and its flow, when transferring 
the Pb-Li between chambers. The volume of Pb-Li for each run in given 
in Table 3.

With p, T and V, the amount of gas, n, is calculated with equation (4). 
Over time, n decreases, and its slope also declines as the deuterium 
concentration increases in both the Pb-Li and the walls. However, even 
after the metals reach full saturation, the amount of gas continues to 
decrease due to permeation. A linear fit (solid black) performed to the 
last 24 h of the experiment shows that the amount of gas tends to a 
constant decrease, corresponding to the steady-state of the system.

The graphically-determined dissolution time, ultimately used for the 
calculations of nD2[PbLi], can be compared with estimations from theory, 
using the characteristic time scale of a diffusion process [30], τdiss = hPbLi

2 

/ (2D) (where hPbLi is the height of Pb-Li in the chamber, and D, the 
diffusivity constant). For this assessment, it has been assumed that the 
atoms of deuterium only diffuse in the vertical direction, since the Pb-Li 
height is over an order of magnitude smaller than the internal diameter 
of the chamber (hPbLi ≈ 22 mm, φin = 250 mm). Considering a diffusivity 
D = 3.14 × 10− 9 m2 s− 1, which is the average between the values re
ported for deuterium by Edao et al. [16] and Reiter [12] at 673 K, a 
value τdiss = 1392 min (plotted in Fig. 4) is obtained, which is in 
agreement with the graphical interpretation.

This has been performed for all runs. Note that τdiss delimits the start 
of a dynamic equilibrium in the Pb-Li, since p still decreases after τdiss, 

the amount of dissolved D decreases according to Sieverts’ law. This 
effect is taken into account later in Section 4.3.

In run#01, the initial pressure is p0 = 1023.4 ± 1.1 hPa and it de
creases by − Δp = 52.3 ± 1.5 hPa until τdiss. The initial and final 
experimental values of p are determined with an average over 10 data 
points. The amount of gas lost until τdiss, − Δn = (3.51 ± 0.12) × 10-3 

molD2, is determined as follows: 

− Δn =
(
n0 − nf

)
=

(
p0 − pf

)
V

RT
=

− ΔpV
RT

(7) 

The calculated uncertainties of − Δn are in the range of 3.2 – 5.4%, 
resulting from sensor precision and error propagation as described in 
3.2.

4.2. Evaluation of D2 lost through the walls

4.2.1. Permeation experiments (without Pb-Li)
Prior to the dissolution experiments, three permeation experiments 

were conducted before inserting the Pb-Li in the chamber, with the 
following two main objectives: (i) to determine experimentally how 
much deuterium is lost through the walls of the chamber, and (ii) to 
verify that the bake-out time between runs (as defined in 3.3) is enough 
to unload the walls of deuterium before the next experiment, ensuring 
the repeatability of the method.

Deuterium gas is injected in the previously evacuated and thermal
ised chamber for about one minute. After closing the valve, the evolu
tion of the D2 pressure and temperature during the first permeation 
experiment, perm#01, is shown in Fig. 5. The amount of gas loss 
through all the walls is evaluated at t = 1392 min (τdiss of run#01) to be 
(4.28 ± 0.16) × 10-3 molD2, which is nD2[ss*] in Fig. 3 a). The resulting 
nD2[ss*] values from all three permeation experiments have an uncer
tainty ranging from 3.7 to 5.6%, assessed as described in 3.2.

Fig. 6 shows the evolution of the amount of D2 in the chamber during 
the permeation experiment perm#01 and its repetition, perm#02. The 
consistency between the results shows that the deuterium remaining in 
the walls from the previous experiment, after the bake-out process, is 
negligible in comparison with the experimental uncertainty.

4.2.2. Determination of gas lost through the non-wetted walls
This step involves a theoretical calculation of deuterium permeation 

through the chamber surfaces, in order to determine the theoretical 
fraction of D2 lost through the non-wetted surfaces (identified as 1 and 2 
in Fig. 3 b)). As shown in Fig. 3 b), the total permeation area is divided 
into four parts corresponding to different temperatures and thicknesses. 
The vertical wall is separated into two sections defined by the height of 
Pb-Li in the dissolution runs.

The amount of D2 permeated though each surface is calculated with: 

J = P(
̅̅̅̅̅
pb

√
−

̅̅̅̅̅
pa

√
)A/ε (8) 

Fig. 4. Time evolution of D2 pressure (p), temperature (T), and the calculated 
amount of gas (n) during the dissolution experiment run#01.

Fig. 5. Time evolution of D2 pressure (p), temperature (T), and the calculated 
amount of gas (n) during the permeation experiment perm#01.
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where J is the flux of D atoms (molD s− 1), P is the permeability (molD 
m− 1 s− 1 Pa− 1/2), pa and pb are the partial pressures of D2 at both sides of 
the wall (Pa), A is the permeation area (m2), and ε is the wall thickness 
(m).

The left part of Table 2 (I) shows a summary of the values used in the 
calculations related to run#01 (area, thickness and temperature). The 
amount of permeated D2 through the four surfaces is calculated with the 
two values of permeability reported in literature for deuterium (Shir
aishi et al. [31] and Lee et al. [32]), and with the experimental tem
peratures and pressure of perm#01 during the τdiss of run#01 (1392 
min). These results are shown in the right part of Table 2 (II). The total 
theoretical permeation through all four surfaces, (1.91 ± 0.07) × 10-3 

molD2 and (1.21 ± 0.04) × 10-3 molD2, with permeabilities from [31]
and [32] respectively, are smaller than the experimental value obtained 
in perm#01, nD2[ss*] = (4.28 ± 0.16) × 10-3 molD2. The difference stems 
from the fact that theoretical calculations based on permeability assume 
steady-state conditions, whereas the experimental results also include 
the initial non-steady-state phase of D2 permeation. This confirms the 
relevance to determine the amount of deuterium lost through the walls 
based on experimental values rather than (steady-state) theoretical 
permeation rates.

The fraction of permeation through the non-wetted area is deter
mined to be (61 ± 3)% – (60 ± 4)% with the two P values (as shown in 
Table 2). The average, χtop=(60 ± 2)%, is used to determine the amount 
of D2 lost through the walls with equation (3). Therefore, in the disso
lution run#01, the total amount of deuterium lost through the non- 
wetted walls is nD2[ss] = (60 ± 2)% (4.3 ± 0.2) × 10-3 = (2.6 ± 0.1) 
× 10-3 molD2.

It should be noted that the calculation of nD2[ss] relies on the 
following assumptions. First, the fraction of deuterium migrating 
through the different surfaces is constant in both the non-steady-state 
and the steady-state. Second, the permeation flux through the walls 
calculated with equation (8) has been treated using a 1D approximation, 
justified by the fact that the mass-transport perpendicular to the surface 

dominates. In this approach, a linear temperature gradient is assumed in 
the stainless-steel walls and simplified to an average value, as shown in 
Fig. 3 b).

4.3. Evaluation of deuterium dissolved in Pb-Li

The amount of deuterium dissolved in the Pb-Li, nD2[PbLi], is deter
mined with the mass balance presented in equation (2) using the values 
of − ΔnD2 and nD2[ss], obtained in Sections 4.1 and 4.2, respectively. For 
run#01, the deuterium dissolved at τdiss is (9.3 ± 1.5) × 10-4 molD2. 
Since the dissolving pressure slightly decreases from 971.1 to 946.9 hPa 
between τdiss = 1392 min and the end of the experiment (tend = 2880 
min), the amount of deuterium dissolved is corrected following the 
relation: 

nD2[PbLi](tend)

nD2[PbLi](τdiss)
=

CD(tend)

CD(τdiss)
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
pD2(tend)

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
pD2(τdiss)

√ (9) 

resulting in nD2[PbLi] (tend) = (9.2 ± 1.5) × 10-4 molD2, at the end of 
run#01 (≈98.7% of the amount evaluated at τdiss). The resulting values 
of nD2[PbLi] for all runs are given in Table 3.

It is important at this stage to compare the fraction of gas actually 
dissolved in the Pb-Li with the amount lost via permeation. From the 
total gas decrease during each dissolution experiment at τdiss (− ΔnD2), 
only 21 – 31% is dissolved into the Pb-Li (nD2[PbLi]), whereas the 
remaining 69 – 79% has permeated through the stainless-steel walls (nD2 

[ss]). This underscores the importance of accurately quantifying perme
ation losses when assessing deuterium solubility in Pb-Li. More gener
ally, it implies that if permeation is not prevented or accounted for while 
using stainless steel facilities, experimental values of hydrogen solubility 
in Pb-Li may be significantly overestimated.

Complementary to this experimental work, an estimation of the 
deuterium lost from the Pb-Li to the wetted surfaces has been assessed in 
a previous work [26] to be a 16% of the total deuterium that entered the 
Pb-Li during the dissolution experiments. This estimation lies within the 

Fig. 6. Evolution of the amount of gas (n) during the permeation experiments 
perm#01 and perm#02.

Table 2 
Theoretical D2 permeation through the four chamber surfaces depicted in Fig. 3b), using the Pb-Li height in run#01. (I) Permeation parameters: area (A), thickness (ε) 
and temperature (T) during perm#01. (II) Theoretical calculations of D2 permeated in perm#01 during 1392 min, with permeabilities (P) from [31,32]. Obtained 
percentage of D2 permeated through the “non-wetted” and “wetted” surfaces in run#01 (in bold).

Permeation surface as in 
Fig. 3 b):

(I) Permeation parameters: (II) Theoretical D2 permeated (molD2):

A (m2) ε (mm) T (K) with P from [31] with P from [32]

non-wetted: (1) upper flange 0.049 25 640 ± 10 (6.0 ± 1.2) × 10-5 (61 ± 3)% (3.7 ± 0.8) × 10-5 (60 ± 4)%
(2) non-wetted wall 0.057 2 653 ± 2 (1.1 ± 0.05) × 10-3 (6.9 ± 0.3) × 10-4

wetted: (3) wetted wall 0.018 2 677 ± 3 (5.7 ± 0.3) × 10-4 (39 ± 2)% (3.7 ± 0.2) × 10-4 (40 ± 2)%
(4) lower flange 0.049 20 689 ± 5 (1.8 ± 0.2) × 10-4 ​ (1.2 ± 0.1) × 10-4 ​

Table 3 
Dissolution values evaluated at tend for each experiment. Final pressure of D2 at 
the gas phase (pD2), volume of Pb-Li in the dissolution chamber (VPbLi), total 
amount of D2 dissolved in the Pb-Li (nD2[PbLi]), atomic concentration of deute
rium in the liquid metal (CD) and the Sievertsćonstant (Ks) at 673 K.

Run pD2 (hPa) VPbLi 

(×10-3 m3)
nD2[PbLi] 

(×10-4 

molD2)

CD 

(molD 

m− 3)

Ks (×10-3 

mol m− 3 Pa− 1/ 

2)

#01 946.9 ±
1.1

1.23 ±
0.03

9.2 ± 1.5 1.5 ± 0.3 4.8 ± 0.8

#02 952.8 ±
1.1

1.18 ±
0.03

6.7 ± 1.5 1.1 ± 0.3 3.7 ± 0.8

#03 945.5 ±
1.1

1.20 ±
0.04

8.1 ± 1.6 1.4 ± 0.3 4.4 ± 0.9

#04 471.1 ±
1.1

1.19 ±
0.03

4.4 ± 1.3 0.7 ± 0.2 6.0 ± 0.8

#05 472.8 ±
1.1

1.24 ±
0.03

4.4 ± 1.4 0.7 ± 0.2 3.4 ± 1.0

#06 941.4 ±
1.1

1.25 ±
0.03

12 ± 2 1.9 ± 0.3 3.3 ± 1.0
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experimental uncertainty of the presented results and therefore not 
included in the determination of Ks. It should nevertheless be kept in 
mind that not explicitly accounting for the D2 lost from the Pb-Li to the 
wetted surfaces leads to a slight overestimation of the deuterium dis
solved and the Sieverts’ constant hereby determined.

4.4. Sieverts’ constant

The average concentration of atomic deuterium in the Pb-Li, CD, is 
calculated with the following equation and presented in Table 3: 

CD = 2
nD2[PbLi]

VPbLi
(10) 

As expected, the runs with similar dissolving pressure have similar 
nD2[PbLi] (tend) and CD (tend). The solubility coefficient or Sieverts’ con
stant (Ks) is evaluated from the experimental results, with Sieverts’ law 
(equation (1)), using the dissolving pressure and concentration CD both 
at tend. The resulting values of Ks are given in Table 3 and are depicted in 
Fig. 7 for comparison with the literature values [6–20]. The six solubility 
values presented in this work exhibit a relative standard deviation of 
25%, with individual relative uncertainties ranging from ± 13% to ±
30%. The average Sieverts’ constant is Ks = (4.3 ± 1.1) × 10− 3 mol m− 3 

Pa− 1/2. The evaluated uncertainty, often overlooked in previous works, 
is relatively low compared to the several orders of magnitude dispersion 
of the Sieverts’ constant reported values.

From previous studies [21,22], the wide dispersion in reported 
values of the Sieverts’ constant (shown in Fig. 7) may be attributed to 
several factors: (i) the use of different experimental methods (typically 
absorption, desorption and permeation), (ii) the Li content of the Pb-Li 
alloy used, and/or (iii) the presence of impurities within the alloy. In 
particular, the influence of (ii) and (iii) are difficult to assess, since the 
composition of the Pb-Li used in the experiments (Li fraction and im
purities) is often not verified. Instead, only the eutectic mixture pro
vided by the manufacturer is reported.

The solubility determined in this study falls within the lower range of 
previously reported values obtained using absorption methods (depicted 
in blue in Fig. 7). This is attributed to the rigorous quantification of 
deuterium permeation through the chamber walls conducted in the 
present work.

The amount of deuterium lost through the 316 L stainless-steel walls 
during the dissolution experiments represents ≈ 69 − 79% of the total 
gas decrease. This underscores that permeation of hydrogen isotopes 
through stainless-steel containers or pipes is, not only non-negligible, 
but larger than the permeability of hydrogen isotopes in Pb-Li. Thus, 

hydrogen isotopes permeation is not only a safety issue (particularly in 
systems involving tritium), but also presents a challenge for any 
experiment, in which permeation can compete with the process that is 
studied.

Furthermore, the Li content in the Pb-Li used in this work (15.2 ± 0.2 
at.%) is slightly lower than that reported in other studies employing an 
absorption method, which typically range from 15.7 to 17 at.%, which 
may also explain a lower solubility [8,21].

The obtained results are close to the values reported by Chan et al. 
[8], Maeda et al. [15], Edao et al. [16] and Alberro et al. [18]. The latter, 
and most recent of the four, performed both absorption and desorption 
campaigns, and also did blank experiments to subtract the contribution 
of the experimental chamber walls and crucible.

The values reported by Priester et al. [19], which lie at the upper 
limit of those obtained by an absorption method, were measured using a 
different experimental setup and equilibrium pressures on the order of 
0.1 mbar (four orders of magnitude lower than in the present work), due 
to tritium inventory constrains. The discrepancies between their results 
and the present work are therefore attributed to the possibility of 
working at another regime (with more effects of surface dynamics at 
lower pressures), as well as potential deviations in the lithium fraction, 
since the Pb-Li composition following the experiments was not reported.

The most recent experimental study by Peñalva et al. [20] also 
employed an absorption method, along with blank experiments to ac
count for the contribution of hydrogen absorption by the experimental 
rig. Similar to the present work, their Pb-Li allow contained a lower Li 
fraction than the eutectic composition. Although they reported a higher 
solubility constant, the values obtained in this study fall within the 
standard deviation of their reported results.

5. Conclusions

In this work, the solubility of deuterium in Pb-Li was determined by a 
carefully designed experimental strategy using a mass balance, with a 
methodical evaluation of deuterium permeation into the structural 
materials and a rigorous uncertainty analysis, both rarely reported in the 
literature. Six experiments were conducted at different deuterium 
dissolution pressures, yielding consistent solubility values that follow 
Sieverts’ law.

The experimental results include the quantification of dissolved 
deuterium and the corresponding Sieverts’ constant, together with a 
composition analysis of the Pb-Li alloy (15.2 ± 0.2 at.% Li). The ob
tained amount of deuterium dissolved in Pb-Li, at 673 K, was (8.9 ± 1.5) 
× 10− 4 and (4.4 ± 1.4) × 10− 4 molD2, corresponding to dissolving 
pressures of 947 ± 5 and 472 ± 2 hPa, respectively. The average 
deuterium concentrations in Pb-Li at these pressures were 1.5 ± 0.3 and 
0.7 ± 0.2 molD m− 3. The obtained Sieverts’ constant, (4.3 ± 1.1) × 10− 3 

mol m− 3 Pa− 1/2 at 673 K, is consistent with literature values and falls 
within the range reported by Chan et al. [8], Maeda et al. [15], Edao et al. 
[16], Alberro et al. [18], Peñalva et al. [20]. The given solubility assumes 
that no deuterium leaves the Pb-Li during the dissolution time, which is 
nevertheless justified since its impact on the here reported Ks values are 
estimated to remain within the experimental uncertainty.

This work provides an experimental solubility value together with a 
detailed description of the conditions under which it was obtained. It 
highlights the need to properly account for permeation effects (or to 
suppress them through coatings or alternative structural materials), 
which are often overlooked and may contribute to the discrepancies in 
reported Ks values. Other potential sources of discrepancies, such as the 
Pb-Li composition (Li fraction and impurities), also require investiga
tion. In addition, possible isotope-dependent differences may need to be 
evaluated. These experimental efforts would benefit from complemen
tary simulation support, for example through 2D or 3D modelling or 
multi-physics approaches.

Fig. 7. Sieverts’ constant values determined within the present work for 
deuterium dissolution in Pb-Li (15.2 at.% Li) at 673 K, in comparison with other 
reported values for hydrogen isotopes [6–20] The value plotted for Priester 
et al. represents the lower boundary reported in [19].

E. Diaz-Alvarez et al.                                                                                                                                                                                                                          Nuclear Materials and Energy 47 (2026) 102105 

6 



CRediT authorship contribution statement

Ester Diaz-Alvarez: Writing – review & editing, Writing – original 
draft, Visualization, Validation, Software, Methodology, Investigation, 
Formal analysis, Conceptualization. Rodrigo Antunes: Writing – review 
& editing, Investigation, Conceptualization. Stefan Welte: Writing – 
review & editing, Resources, Conceptualization. Laëtitia Frances: 
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