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A B S T R A C T

The liquid breeding blanket concept of a fusion reactor is based on the employment of the eutectic Lead-Lithium
solution (LLE), where Lithium, enriched in 6Li, has the purpose of regenerating Tritium by reacting with neu-
trons, while Lead enhances the process acting as neutrons multiplier. Anyway, despite the huge interest on this
binary system, LLE is not characterized yet by a fully consolidated description of its basic thermophysical
properties and, in many cases, the spread of values reported so far in literature remains still significant. The
purpose of this paper is hence to check again the many data available in literature, with a special attention to the
ones more recently published, trying to explain and solve their inhomogeneity. Taking into account the general
features of the Pb-Li interaction and particularly the not ideal behaviour of the Pb-Li liquid solutions, the
following thermophysical properties of the LLE are dealt in detail: specific heat; density and volumetric thermal
expansion coefficient; thermal conductivity and diffusivity; electrical resistivity; Sieverts’ constant of Hydrogen.
Based on the deep analysis of all the reported experimentation and through the adoption of several comparison
criteria, the most trustable correlation is sought for each of the above properties; additionally, when a robust
correlation couldn’t be retrieved, a new, optimized, one has been proposed, capable also to foresee correctly the
effect of small composition variations and to assure the internal coherence among linked properties.
Specific heat and density values resulted at the end accurately described and not needing for additional

experimentation; thermal properties and electrical resistivity can be evaluated with decent confidence, even if
their uncertainty could be somehow reduced by future investigations; for Sieverts’ constant it has not possible yet
to identify a unique, trustable correlation, anyway the range of values correctly assumed up to 900K has been
significantly restricted.

1. Introduction

The capability of Lithium to generate Tritium (3H) when bombarded
by a flux of neutrons makes it tremendously attractive for its application
as breeder in several, different concepts of fusion reactors currently
under investigations. Two conditions are anyway necessary to get its
efficient employment in this application: first, since only the isotope 6 of
Lithium (6Li) has a sufficiently high cross-section for the reaction with
the neutron, Lithium must be enriched in this isotope from its natural
abundance of ~7.6 at.% to commonly at least 50 % at.%, depending on
the specific type of breeder; second, it is necessary to flank it with a
second component acting as neutrons multiplier, to increase the overall
yield of the 3H production reaction.

In this regard, several breeder concepts employ Lead as neutron
multiplier, hence are based on the whole on the binary Lead-Lithium
(Pb-Li1) system; according to the specifically selected composition, i.e.
the atomic ratio of the 2 metals, and to the phase diagram shown in
Fig. 1, there is indeed a large variability in the melting point, and this
provides the possibility to hypothesize and study the application of this
system both as solid and liquid blanket, at different, properly optimized
temperatures. This paper deals with the liquid breeder proposal.

Whether Water Cooled (WC), Helium Cooled (HC) or Dual Cooled
(DC), the liquid Pb-Li blanket requires Lithium enriched to ~90% in 6Li;
particularly, the liquid eutectic solution at low Li content (LLE: Li molar
fraction ~ 0.157) has been selected for the application, being able to
assure a good breeding ratio, permitting to operate down to relatively
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low temperatures and allowing the easy recovery of generated Tritium
from the liquid solution (see section 4.5).

Anyway, despite the huge interest on this binary system, LLE is not a
standard system, characterized by a fully consolidated description of its
basic thermophysical properties. Many experimentations have been
performed since several decades, aiming at determining the correct
values of these properties and finding out the proper correlations able to
clarify the solution behaviour; anyway, a unique, sure correlation
cannot be yet associated to many key parameters and, in some cases, the
spread of the experimental values reported in literature by the different
authors remains still very significant. The are several possible reasons to
explain the encountered inhomogeneity of the data: the different purity
level of the investigated solution samples, which follows also from the
original purity of the 2 employed metals (Pb and Li) and their significant
reactivity, especially in the case of Li, with even the normal atmosphere
gases; the nominal composition of the solution actually analysed, which
often doesn’t correspond exactly to that of the eutectic point, because of
the not optimal technique adopted for the preparation of the binary
mixture from the single metals (the Pb-Li solution is obtained by melting
the solid Pb-Li mixture, which is in turn obtained through different
casting processes); above all, the experimental setup, the technique and/
or the theoretical modelization adopted for determining the value of a
specific property. Furthermore, in some cases no real Pb-Li eutectic so-
lution was directly investigated, but its description was achieved only by
extrapolation from solutions characterized by quite different
compositions.

The purpose of this article is hence to check the many data available
in literature for the eutectic Pb-Li liquid solutions, with a special
attention to the ones more recently published, trying to explain and to
solve their inhomogeneity. In the first part of the paper, a general
overview of the Pb-Li phase system and the many PbxLiy binary com-
pounds will be presented, focussing in particular on the description of
the Pb-Li liquid solutions and their theoretical modelization. Then, in
the second part, taking also into account the above description, the
following thermophysical properties of the eutectic Pb-Li solution will

be dealt in detail, searching for a correlation permitting to calculate
their values at each desired temperature: specific heat; density; volu-
metric thermal expansion coefficient; thermal conductivity; thermal
diffusivity; Sieverts’ constant. In case the data collected in literature will
result inconsistent due to the existence of too different correlations for
the same parameter, a justified selection of themost appropriate one will
be presented or, is some cases, a new, optimized one, will be proposed by
elaborating the ensemble of all the available data; in the worst case, in
absence of a reliable correlation, a restricted range of trustable values
will be at least indicated.

2. The Pb-Li system

2.1. Generalities of the Pb-Li solid compounds

The Pb-Li system, described by the phase diagram in Fig. 1 [1], can
be surely defined a not ideal system, due to the possible formation of
many different solid intermetallic compounds; to the existence of ranges
of temperature/composition values in which 2 or even 3 phases coexist
in equilibrium conditions; to the consequent presence of eutectic points;
to the liquid phase behaviour (see section 2.3), characterized by mixing
excess thermodynamic quantities different from 0.

The Pb-Li composition selected for the liquid breeding blanket
(WCLL, HCLL or DCLL) is the one corresponding to the eutectic point
located at 235 ◦C. According to Fig. 1 and to Ref. [2], the corresponding
composition results.

- on atomic base: Pb = 84.3 % Li = 15.7 %
- on weight base: Pb = 99.38 % Li = 0.62 %

The heavier metal is therefore in large molar excess respect with the
lighter one, and this excess becomes even huge in weight terms. It must
not surprise if the temperature of the eutectic (235 ◦C), which for defi-
nition means “the point where it is easiest to melt”, is indeed higher than
pure Lithium one (180.5 ◦C). In fact, the value of 235 ◦C is actually a

Fig. 1. Phase diagram of the Pb-Li system proposed by Ref. [1]. Circles in the Figure indicate experimental points obtained by Ref. [2].
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“local” minimum in the liquidus curve of the binary-system, and in this
regard, we can see from Fig. 1 that the two solid phases which coexist in
the eutectic points are actually pure Pb from one side, and the LiPb
intermetallic compound (in its β-structure) from the other. Since pure Pb
m.p. is ~327.5 ◦C and LiPb melting point is ~482 ◦C, it is easy to verify
that 235 ◦C is a minimumwith respect to both the two constituents of the
eutectic mixture.

As said, many stable intermetallic Pb-Li compounds are possible in
the Li-rich region of the diagram. These compounds, thanks to the strong
interaction between the 2 metals, can exist in solid phase with a pre-
cisely defined crystalline identity up to relatively high temperature
values. Many experimentations and theoretical simulations have been
conducted since the first half of the last century in order to characterize
the structure of these phases. At first, Grube and Klaiber [3], using
thermal and resistometric analysis, presented six intermetallic com-
pounds, i.e. Li4Pb, Li7Pb2, Li3Pb, Li5Pb2, α-LiPb e β-LiPb; Rollier and
Arreghini [4] proposed instead the structure for the compound Li10Pb3,
corresponding indeed to Li7Pb2 described in Ref. [3]; Zalkin [5–8]
investigated the crystal structure of Li22Pb5, Li7Pb2, Li3Pb, Li8Pb3,
α-LiPb e β-LiPb, suggesting that Li22Pb5 was the real crystalline phase in
place of Li4Pb and similarly that Li8Pb3 was the real crystalline phase in
place of Li5Pb2; later Smith and Moser [9] reviewed the entire phase
diagram on the basis of [5–7]; Hubberstey [2] gave a relevant contri-
bution particularly in the Pb-rich zone; finally Okamoto [1] presented
the phases which are visible in Fig. 1, i.e. Li4Pb, Li10Pb3, Li3Pb, Li5Pb2,
α-LiPb e β-LiPb. The crystallographic data of the Lead-Lithium inter-
metallic compounds collected with time, together with those of pure Pb
and Li, are summarized in Table 1.

Particular interest deserves the LiPb 1:1 stoichiometric compound,
which is one of the two solid phases formed during the solidification (at
235 ◦C) of the liquid alloy selected as the liquid blanket. Two different
crystalline structures are possible for this LiPb compound: α, which is
more stable at lower temperatures, and β, which becomes more stable
above 214 ◦C, including therefore also the eutectic point conditions. The
α→β transition at 214 ◦C was evidenced by the trend of the electrical
resistivity of LiPb [7,11], that decreased (anomalously) with tempera-
ture approaching the value of 214 ◦C; at this temperature the slope of the
resistivity vs temperature was discontinuous, while, at higher temper-
ature, it became positive.

The crystallographic investigation of β-LiPb also indicates that its
structure is similar to that of pure Li, being characterized by the same
cell type (cubic) and only a bit higher cell constant, with the Lead atoms
replacing the Lithium ones in the centre of the cell body. Considering the
value of the atomic radius of pure metallic Lithium (1.52 Å) in its bcc
lattice, and the one of pure metallic Lead in its fcc lattice (1.75 Å), it
follows that, if both these values were kept also in the cubic cell of the
β-LiPb lattice, this cell would be characterized by a cell constant of

~3.78 Å. Since the measured cell constant is instead 3.563 Å, it appears
that the interaction between Lead and Lithium atoms in this structure is
stronger than the one between atoms of the same type in pure metallic
Lithium.

The Lead-Lithium bond has hence been described not as a pure
metallic one, but as having a partial ionic nature, in which the electrons
are not completely delocalized, but preferentially kept by the more
electronegative Lead atoms. In this regard, it has been reported [11] that
the ionic nature of the Lithium-Lead bond inside the many intermetallic
compounds results more pronounced the higher is the Lithium content
in the compound, reaching the maximum in case of Li4Pb. A typical
property which reflects the ionic behaviour of these compounds is their
volumetric expansion at the melting point, which is higher than the one
normally associated to pure metals: while the volumetric expansion of
Lithium and Lead upon melting are, respectively, about 1.5 % and 3.56
%, for LiPb this expansion results ~9.0 % [11]. Similarly, the quit higher
value of the electrical resistivity of LiPb with respect to that of both the
pure metals indicates again the partial ionic nature of this intermetallic
compound [11].

2.2. The Pb-Li eutectic mixture from the phase diagram

Let’s focus now on the possible interaction between the twometals in
the Pb-rich region of the phase diagram, i.e. when the heavier metal is
more abundant, in concentration terms, than the lighter one. This con-
dition includes also the Pb/Li atomic ratio 84.3/15.7, which corre-
sponds to the eutectic mixture of our concern. We can discuss the system
in this region forgetting the many interactions and compounds possible
in the Li-rich zone, as only 2 components existed: pure Pb from one side
(the right); LiPb intermetallic compound from the other (the left). Fig. 1
(right side) tells us that.

- in the top grey region, only one phase is present at equilibrium
conditions: a liquid solution, where Pb and Li are fully miscible;

- in the yellow region, two phases coexist at equilibrium conditions: a
solid β-LiPb phase and a liquid solution containing Pb and Li;

- in the green region, two phases coexist at equilibrium conditions: a
solid Pb alloy (almost entirely Pb, with a minimum concentration of
dissolved Lithium) and a liquid solution containing Pb and Li;

Table 1
Summary of the main crystallographic data of the many Pb-Li phases (all values
at room temperature except for β-LiPb@220 ◦C)

Phase Cell Type Space Group Cell constants [Å] Ref.

Li Cubic (bcc) Im3m a = 3.508 [12]
Li22Pb5 Cubic F23 a = 20.08 [8]
Li4Pb Cubic (subcell) a = 3.34 [8]
Li7Pb2 Hexagonal P321 a = 4.751 [5]

c = 8.589
L10Pb3 Cubic P 4 3m a = 10.08 [4]
Li3Pb Cubic Fm3m a = 6.687 [5]
Li8Pb3 Monoclinic C2/m a = 8.24 [6]

b = 4.757
c = 11.03
β = 104.5◦

α-LiPb Rhombohedral R3m a = 3.542 [7]
α = 89.5◦

β-LiPb Cubic Pm3m a = 3.563 [7]
Pb Cubic (fcc) Fm3m a = 4.950 [13,14]

Fig. 2. a) Molar Excess mixing Entropy at 1073K as a function of Li molar
fraction; b) Partial Excess Mixing Entropy of Pb; c) Partial Excess Mixing En-
tropy of Li [32]*
* Reprinted from Journal of Molecular Liquids, 249, S.Terlicka et al., Ther-
modynamic properties of Li-Pb system, 66–72, Copyright (2017), with
permission from Elsevier.
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- in the eutectic point (T= 235 ◦C, Pb atomic fraction= 84.3 %), three
phases coexist at equilibrium conditions: a solid β-LiPb phase, a solid
Pb alloy (97 % of Pb + 3 % of Li, in terms of atomic fraction) and a
liquid solution containing Pb and Li, which is characterized by the
atomic ratio of the 2 metals exactly equal to 84.3/15.7.

- in the pink region, only one phase is present at equilibrium condi-
tions: a solid Pb alloy (almost entirely Pb, with a minimum content of
dissolved Lithium);

- in all the white regions, two solid phase coexist at equilibrium: a
solid LiPb phase and the aforementioned solid Pb alloy. It must also
be noted that solid LiPb would exit in its β-phase in the range of
temperature between 214 and 235 ◦C, while below 214 ◦C it would
be replaced by the α-LiPb phase, as evidenced by the horizontal line
in the graph at 214 ◦C. The relative amount of the two solid phases
(Pb and LiPb) that coexist in the white regions of Fig. 2 can be
evaluated, as for all the phase diagrams, through the lever rule.

If we consider to apply the level rule to the exact eutectic composi-
tion, we get for the 2 solid phases in equilibrium the following relative
abundances, in molar terms:

phase 1 = β-LiPb phase: ~0.27

phase 2 = solid Pb alloy (97% of Pb + 3% of Li): ~0.73

This means that, when a liquid alloy characterized by the eutectic
composition (which is the alloy of our concern) is cooled down to so-
lidification, 2 different solid phases form, with the relative abundance
above reported. These 2 phases arrange in narrow, separate, layers,
which alternate one above the other, giving rise to a very fine lamellar
structure.

It must be anyway observed that some authors, especially before the
experimental work made by Hubberstey in 1992 [2], proposed a slightly
different phase diagram, which located the β-LiPb/Pb eutectic in cor-
respondence of a Lead concentration equal to 83 %, i.e. a bit smaller of
the value now assumed as correct. Consequently, values reported in
their papers for the thermophysical properties of the eutectic Pb-Li
actually resulted from experimentations conducted on samples

characterized by such a smaller Pb/Li atomic ratio. This fact, as will be
seen in section 4, introduces a kind of inhomogeneity in the ensemble of
all the compared experimental data, anyway it must be underlined that,
in many cases, the differences in the values of these data are so high
(even orders of magnitude) to make trivial the possible effect arising
from a difference in composition of only 1.7 %.

2.3. The Pb-Li liquid solutions

The nature of the liquid Li-Pb solution can be described through the
analysis of the values assumed by its excess thermodynamic functions, i.
e. the difference between, respectively, the mixing Gibbs Free energy,
the mixing Enthalpy and the mixing Entropy of the real solution, and the
corresponding mixing functions of an ideal solution at the same
composition, temperature and pressure, as indicated by the general
equation (1):

ZE = ΔmixZ - ΔidealmixZ (1)

where ZE is a generic excess thermodynamic function and ΔmixZ and
Δidealmix Z are, respectively, the real mixing value and the ideal mixing
value associated to the function Z.

While for an ideal solution the mixing Enthalpy (Δidealmix H) is always 0,
this is not true for the mixing Entropy (Δidealmix S), because the presence of
more than one chemical species in the solution (in our cases 2 compo-
nents: Li and Pb) originates several ways of reciprocally dispose the
different atoms inside the phase. In mathematical terms, the ideal
mixing Entropy for a solution constituted by only 2 components (A and
B), is given by:

(ΔidealmixS) = -R [nA ln(xA) + nB ln(xB)] (2)

where R is the ideal gas constant, and nA and xA are, respectively, the
number of mols and the molar fraction of the A component in the
solution.

Rarely a solution behaves as an ideal one: the more it deviates from
the ideal behaviour, the higher its excess thermodynamic quantities will
differ from 0. The deviation from ideality becomes the rule when the
electronegative difference between the constituents is large as in Li-Pb

Fig. 3. Left: Molar Mixing Enthalpy (a), Partial Mixing Enthalpy of Pb (b) and Partial Mixing Enthalpy of Li (c) measured by Terlicka [32] and compared with
experimental data by Ref. [16]*; right: Molar Mixing Enthalpy, calculated by Zhou [10] at 800K (continuous line), in comparison with experimental data by Ref. [16]
and data calculated by other authors [17–23]**
* Reprinted from Journal of Molecular Liquids, 249, S.Terlicka et al., Thermodynamic properties of Li-Pb system, 66–72, Copyright (2017), with permission from
Elsevier ** Reprinted from Journal of Nuclear Materials, 447, C.Zhou et al., Thermodynamic optimization of Li-Pb system aided by first-principles calculations,
95–101, Copyright (2016), with permission from Elsevier.
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case (1.35 in Pauling scale). Here, electron transfer from Li to Pb gives
rise, at specific compositions, to ionic bonding and preferred hetero-
coordination: Li-Pb systems belong to the class of alloys having a salt-
like arrangement and no covalent bonding [15].

The proper evaluation of the excess quantities permits to infer,
through different theoretical models, important solution parameters,
like the average interatomic distances and the activity coefficients;
moreover, the variation of the excess quantities with the solution
composition can also indicate the existence of some particular interac-
tion or organization inside the solution, associated to a specific formal
stoichiometry. In this regard, basing also on the results of previous
experimental activities [16–25], Mudry [26] studied Pb83Li17 liquid
alloys (close to the eutectic composition) through the X-ray diffraction
method and used the experimental structure data to calculate the partial
structure characteristics by means of Reverse Monte Carlo method;
Fraile [27] modelled the Li-Pb system at the atomic scale employing
Molecular Dynamics simulation based on the Embedded Atom Method
(EAM) potentials; Zhou [10] adopted an associate solution model and
made its calculation with the VASP [28–31] software based on DFT-GGA
(Density Functional Theory – Generalized Gradient Approximation);
Terlicka [32] measured the mixing enthalpy of liquid Li-Pb alloys and
proposed the new Qualitative Associates Model to determine the excess
Gibbs energy variations with temperature and composition.

The modelizations made by all these authors lead to descriptions of
the Pb-Li system which are generally congruent and, in many cases, are
able to closely reproduce the experimental results. Without entering into
the complex details of their calculations, we report below, with the help
of some pictures, the outcome of some of them, in terms of the above-
mentioned thermodynamic functions, together with some general
conclusions.

Fig. 2 shows the Molar Excess mixing Entropy (SE), together with the
Partial Excess Entropy of Pb and of Li (partial quantities give the
contribution of only one of the two components of the solution: the total
Molar Excess quantity is given by the sum of the partial ones, each one
multiplied by the corresponding molar fraction), as evaluated by Ter-
licka [32] at 1073K. SE is clearly 0 when xLi= 0 or 1 (in these cases there
is actually only 1 component in the solution), while for all the other
compositions it assumes negative value, indicating that ΔmixS is always
< Δidealmix S and that a kind of organization (order) has been established in
the liquid solution; the maximum (in absolute value) is in

correspondence of XLi~0.8.
Similarly, Fig. 3, on the left, shows the Molar Mixing Enthalpy (HE =

ΔmixH), together with the Partial Mixing Enthalpy of Pb and of Li, ob-
tained by Terlicka [32] at various temperatures; the same quantity (HE),
calculated by Zhou [10] and compared with many experimental results,
is shown instead on the right. Also this thermodynamic function assumes
negative values all over the composition range, with small changes with
the temperature (Fig. 3 left) and a good agreement with the experi-
mental data measured by Predel [16]; a minimum value is present in
correspondence of xLi ~ 0.75–0.8. The trend of HE is the same on both
the left and the right side of Fig. 3: on the right, anyway, some data
evaluated from previous references [18,20,21] appear a bit distant from
those calculated by Ref. [10].

Fig. 4 shows the values calculated by Ref. [32] for the Molar Excess
mixing Gibbs free energy (GE) at 1073K, as a function of the solution
composition, together with the Partial Excess mixing Gibbs energy of
Lead and Lithium (GELi); the good agreement with most data coming from
previous experimentations for the latter quantity is evident. Here again
the values are always negative, with a minimum value assumed by GE for
xLi ~0.75–0.8. The trend of GE is actually similar to the one of HE in
Fig. 3, since SE adds only a smaller contribution in absolute value
(Fig. 2), and GE is clearly a bit less negative than HE. By looking on the
whole at Figs. 2–4, it is possible to verify that the interactions between
heteroatoms in solutions reach their maximum for a Li concentration
around 0.75–0.8 at.%, and this makes sense since, if we look also at the
phase diagram of the Pb-Li system in Fig. 1, we see that this range of
compositions corresponds to those solid compounds, like Li4Pb, Li10Pb3,
Li3Pb, which are characterized by the highest melting point; the for-
mation of clusters or associates with similar stoichiometries is hence
expected to takes place in solution as well [23].

Another interesting picture of the system is given by the analysis of
the liquid alloy volume versus the composition, as shown in Fig. 5 [27].
Here, the atomic volume is always smaller than the ideal case (weighted
average of the pure liquid metals) and exhibits a minimum value
(maximum contraction) for xLi ~ 0.8, suggesting the possible Li4Pb
compound formation in solution. Consequently, the density of the so-
lution will result higher than in the ideal case (this aspect will be
examined in depth in section 4.2).

It must be observed that the formation of Pb-Li associates, particu-
larly those corresponding to the formal stoichiometry Li4Pb, was evi-
denced by some authors [26,27] also according to the Structure Factors

Fig. 4. Molar Excess mixing Gibbs free energy as a function of Li molar fraction
(a), Partial Excess mixing Gibbs free energy of Pb (b) and Partial Excess mixing
Gibbs free energy of Li (GELi) (c) at 1073K [32], also compared with previous
evaluations*
* Reprinted from Journal of Molecular Liquids, 249, S.Terlicka et al., Ther-
modynamic properties of Li-Pb system, 66–72, Copyright (2017), with
permission from Elsevier [33].

Fig. 5. Liquid alloy volume as a function of the composition at 1000K. Blue
dashed line: ideal behaviour; black curve: experimental values achieved by Saar
[34]; red curve: output of the MD simulation [27]*
* Reprinted from Journal of Nuclear Materials, 448, A.Fraile et al., Interatomic
potential for the compound-forming Li-Pb liquid alloy, 103–108, Copyright
(2014), with permission from Elsevier.

P. Favuzza Results in Materials 23 (2024) 100622 

5 



and the Partial Structure Factor (PSF) calculated starting from X-ray and
neutron scattering analysis of the solution.

Additionally, Terlicka [32] proposed the existence also of Pb-Li as-
sociates (i.e. with 1:1 atomic ratio), basing on the evaluation of the
Warren-Cowley Short Range Order (SRO) parameter [35–38]. The value
of this parameter may in general vary in the range − 1÷1: when nega-
tive, it indicates that in the liquid solution the interaction between
different atoms is much stronger than between the same atoms and that
hetero-atoms associates may form; conversely, if SRO is positive, the
interaction between atoms of the same kind is stronger and
hetero-association is impossible, with the consequent tendency to
segregation. Terlicka [32] showed that the Pb-Li solutions assume SRO
values ≤ 0 all over the composition range, with a minimum (SRO ~
− 0.75) in correspondence of xLi = 0.8 (ascribed to the abovementioned
Li4Pb associate), but also an inflexion point in correspondence of xLi =
0.5, which would suggest the existence of Li-Pb associates as well;
therefore, the degree of association in solution changes with the specific
solution composition.

Of course the description of the Pb-Li solution at the eutectic
composition (xLi = 15.7 at.%), particularly around 300 ◦C, is the most
interesting aspect for the purpose of fusion applications. Some investi-
gation was conducted specifically by Mudry [26], even if he assumed for
the eutectic composition the old accepted value of xLi = 17 at.%.
Through the X-ray diffraction technique and the following analysis of
the Partial Structure Factors, he evaluated that the distance between the
first Pb-Pb neighbours in Pb83Li17 melt at 508K is larger (3.55 Å) than in
pure liquid Pb (3.33 Å), while the Pb-Li distance (2.79 Å) is significantly
less than in the assumption of a random atomic distribution (3.3 Å).
From all these values, the author inferred the existence of Li4Pb atomic
associates (ordered structural units also called Zintl ions) randomly
distributed in a Pb-matrix (Pbn clusters), therefore he defined rather
inhomogeneous the Pb-Li melt. Additionally, while increasing the tem-
perature from 508K to 593K didn’t affect substantially the Pb-Pb (3.55
→ 3.54 A) and the Pb-Li (2.79→ 2.77A) distances, it augmented instead
the Li-Li one (2.40 → 2.76 A), indicating that the Pb-matrix kept its
structure, while some Li atoms detached from the associates and diluted
inside the Pb-matrix.

3. Methods

In the next sections we will look in details at the thermophysical
properties of the Pb-Li eutectic liquid solution which are considered the
most important for the design and simulation of the WCLL blanket
concept, namely.

• Specific Heat;
• Density;
• Volumetric thermal expansion;
• Thermal conductivity;
• Thermal diffusivity;
• Electrical resistivity;
• Sievert’s constant.

After retrieving, for each of the above properties, the many values
and correlations reported in literature, they have been compared,
searching for the most trustable of them, in order to finally reach
(hopefully) a clear description of the Pb-Li system. To assess the
soundness of each specific correlation, the following aspects have been
generally evaluated.

• the validity of the employed experimental setup and working
procedure;
(this includes the conceptual nature of the experiment, the purity of
the employed materials, the bigger or smaller number of indepen-
dent measurements, the drawbacks reported by the author himself
….)

• the intrinsic results goodness;
(which is the reproducibility of the results? is the reported correla-
tion able to fit properly the experimental data? which is the effect of
changing one of the test conditions on the experiment outcome?)

• the closeness of the experimental conditions to the Pb-Li working
conditions in the blanket;
(the closer they are, the smaller will result the error lying in the
interpolation/extrapolation of the experimental data)

• the distance of the set of values collected in a specific experiment
from the average of the whole data ensemble and the explanation
given by the author to justify why his results differ from the others’.

Finally, since the abovementioned properties, according to their
definitions, are in many cases directly linked, it is also important that the
ensemble of all the equations selected for their descriptions is charac-
terized by a good internal coherence, i.e. it doesn’t lead to contradictory
results in the calculated values.

The outcome of this analytical work is reported in the following
Results section, with a dedicated subsection for each of the thermo-
physical property. Each subsection entails a short theoretical premise (to
introduce the topic and the equations later employed), presents the
collection of the available experimental data and finally analyze them to
find out the best correlation.

4. Results

4.1. Specific heat (cp)

4.1.1. Theoretical premise
Specific heat (c) of a substance is defined as its thermal capacity (C)

divided by its mass; it corresponds therefore to the heat required to raise
the temperature of one gram of substance by one Kelvin degree. In case
we consider a system at constant pressure (usual case of interest), the
corresponding thermal capacity, Cp, becomes:

Cp =
∂H
∂T (3)

and the specific heat, cp, becomes hence:

cp=
∂H
∂T

1
m

(4)

where H [J] is the enthalpy, T [K] is the temperature and m [g] is the
mass of the substance; the unit of measurement of cp is hence [J g− 1

K− 1]. It must be observed that, in the above equations, the value of H is
considered positive when heat is entering the system: since such an
energy transfer always determines a positive increase of the tempera-
ture, it follows that cp always assumes positive values as well. Of course
it is possible to define also a thermal capacity per mol of substance
instead of mass of substance: in this case the molar thermal capacity, Cpm
[J mol− 1 K− 1], can be simply obtained from cp by multiplying it for the
molar mass of the substance, M [g mol− 1].

Considering that the value of H of each substance increases with the
amount of substance (H is an extensive thermodynamic quantity), it
follows that, in case of a system containing more than a single compo-
nent, as is the case of our eutectic solution, H can be calculated by
adding the enthalpy of each component. Anyway, as we have seen in
section 2.3 (Fig. 3), the enthalpy of each component in a solution or
mixture is different from that of the component when alone; the
enthalpy of mixing (HE= ΔmixH), which is 0 only for ideal systems, must
be summed as well in the evaluation of the total enthalpy of real systems,
introducing consequently an additional contribution in the evaluation of
the thermal capacity (and of the specific heat).

So, if the total enthalpy of the eutectic Pb-Li solution is given by:

H(eut) = H(Pb) + H(Li) + ΔmixH (5)
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where H(y) it the enthalpy of the element (y), the corresponding thermal
capacity results:

Cp(eut)=
∂H(Pb)

∂T +
∂H(Li)

∂T +
∂mixH

∂T = Cp(Pb) + Cp(Li) + ΔCp (6)

where Cp(y) is the thermal capacity of the element (y), while

ΔCp=
∂mixH

∂T (7)

is the additional contribution to thermal capacity coming from the
not ideal behaviour of the solution.

Considering that Cp of each element corresponds to its Cpm multi-
plied by the quantity of substance [mol], it is also possible to write:

Cpm(eut) = Cpm(Pb) ⋅ xPb + Cpm(Li) ⋅ xLi + ΔCpm (8)

Equation (8) hence permits (as detailed later, in section 4.1.3) to make a
theoretical prevision of the expected values of Cpm (hence of cp) of the
eutectic solution on the basis of the values, available in literature, of Cpm
of pure Pb, pure Li and ΔCpm. In any case, we expect that the value of
Cpm(eut) will be not very different from the values of Cpm of both pure Pb
and pure Li. Cpm(Pb) and Cpm(Li) in fact assume very similar values (this
similarity is typical of almost all metals), therefore each combination of
them, normalized on the basis of the molar fractions, cannot be too
different as well; additionally, the contribution given by the non ideality
of the system (ΔCpm) is rather small with respect to the pure components
contribution.

4.1.2. Experimental cp data from literature
The ensemble of cp data achieved through a direct calorimetric

measurement of Pb-Li eutectic liquid solution is indeed rather small [39,
40,43] (Table 2); additionally, an indirect determination of cp was ob-
tained through the measurement of the solution density and of its
adiabatic temperature variation with pressure [34]; later, other theo-
retical works were presented [41,42], proposing anyway only a rear-
rangements of the previous data based on different calculation
strategies.

Reiter [39] and Kuhlborsch [40] employed a Calvet differential
calorimeter to get the values of cp up to 300 ◦C, anyway their results
appear very strange, because in both cases cp assumes a too high value at
the eutectic melting point and decreases too much with temperature:
keeping that trend, it would reach the value of 0 in few hundreds of
degree.

Later Schulz [43], which also evidenced the anomaly of the afore-
mentioned evaluations, performed a new calorimetric experiment,
investigating an alloy characterized by a Li content equal to ~ 0.67 wt%
(which corresponds to about 16.8 at.%), i.e. a bit richer in Li with
respect to the value currently defined for the eutectic composition (15.7
at.%). He prepared the alloy starting from Li (99.4 % purity) and Pb
(99.9 % purity) and operating under Argon atmosphere; for the mea-
surement he employed a PerkinElmer differential scanning calorimetry,
calibrated against a sapphire. Its results, investigating the temperature
range 508–800K, are graphically shown in Fig. 6.

From the interpolation of the data, got from 2 different samples, he
proposed the following linear correlation:

cp [J g− 1 K− 1] = 0.195–9.116 ⋅ 10− 6 T (9)

where T is expressed as absolute temperature [K].

Additionally, Schulz also compared his results with the ones already
reported by Saar [34] at 1000K, which weren’t anyway achieved
through a direct calorimetric method but by means of measurements of
the solution density and of its adiabatic temperature variation with
pressure: after extrapolating his own results at 1000K, he found a good
data agreement with them. A more recent theoretical analysis of the
available cp data [44] also confirmed the soundness of equation (9).

4.1.3. Indirect evaluation of the cp data: optimization of the correlation
Equation (9), even if considered the most trustable experimental

correlation for the cp values, is anyway related to a composition not
exactly matching the real eutectic one (xLi = 0.168 instead of 0.157).
Additionally, the trend of the cp values with temperature seems too flat,
if compared with the cp trends of both pure Li and pure Pb, which on the
average decrease more. Actually, if we look at Fig. 6, we see a strange
positive jump in cp values (even if small in absolute terms) going from
~620 to ~ 640K: it would seem as all the values at 640K and beyond
were shifted by a positive terms with respect to the ones at lower tem-
peratures. In this regard, it could be possible to think that the cp values at
lower temperatures were obtained from the investigation of a specific
Pb-Li sample, while those at higher temperatures would be obtained
instead from a different Pb-Li sample, slightly richer in Lithium (cp of
pure Li is in fact bigger than pure Pb one, therefore, the more is the Li
content, the higher is the solution cp). This hypothesis seems supported
by the fact that, considering separately the 2 sets of data, visually their
trends with temperature result indeed rather similar, and more negative
(as expected) than the one described by equation (9).

Basing on this observation, we search hence to get a better mathe-
matical description of the experimental data and to reach a slightly
improved correlation, adapted to the real eutectic composition. To do so,
we employ the already discussed equation (8) for the Molar Thermal
capacity (Cpm) of the solution.

Cpm(eut) = Cpm(Pb) ⋅ xPb + Cpm(Li) ⋅ xLi + ΔCpm (8)

and we consider the rather reliable values tabulated in literature for

Table 2
Experimental cp vs T correlations available in literature for the Pb-Li for ‘near eutectic’ solutions.

Author Li content [mol %] Method Correlation Range of T [K] Ref.

Reiter 17.0 Calvet Differential Calorimeter cp [J g− 1 K− 1] = 0.2259 + 1.347 ⋅ 10− 3 T [K] – 2.557 ⋅ 10− 6 T2 [K2] 508–573 [39]
Kuhlborsch 17.0 Calvet Differential Calorimeter cp [J g− 1 K− 1] = 0.6271–7.908 ⋅ 10− 4 T [K] 508–573 [40]
Schulz 16.8 Differential Scanning Calorimeter cp [J g− 1 K− 1] = 0.195–9.116 ⋅ 10− 6 T [K] 508–800 [43]

Fig. 6. Experimental cp values achieved by Schulz [43], together with the
linear fitting equation*
* Reprinted from Fusion Engineering and Design, 14, B.Schulz, Thermophysical
properties of the Li(17)Pb(83) alloy, 199–205, Copyright (1991), with
permission from Elsevier.
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Cpm(Li) [45] and Cpm(Pb) [46]2 while, for ΔCpm, those reported by Refs.
[27,32,34,47] and affected by a bit larger uncertainty. Cpm(Li) and
Cpm(Pb) values at different temperatures are reported in Table 3,
respectively in the 2nd and the 3rd column.

Starting from Cpm(Li) and Cpm(Pb) it is possible, applying equation
(8), to calculate at each temperature the correct value of Cpm of a Pb-Li
solution characterized by a Li at.% = 16.8, i.e. the same composition of
the sample investigated by Schulz, in the assumption of an ideal system,
i.e. if ΔmixH and consequently ΔCpm were equal to 0. The corresponding
quantity is indicated as Ideal Cpm (xLi = 0.168) in the 4th column of
Table 3. The Molar Thermal Capacities of the real solutions, Real Cpm
(xLi = 0.168) in the 5th column of Table 3, have been then obtained at
each temperature by adding to the ideal ones the constant ΔCpm = 2.35
J mol− 1 K− 1; finally, the specific heat of the Pb-Li solutions resembling
the Schulz samples have been obtained by dividing the previous values
by the Molar Mass of this solution (173.55 g mol− 1), and reported as
cp(xLi = 0.168) in the 6th column of Table 3.

Regarding the choice of the specific value of 2.35 J mol− 1 K− 1 for
ΔCpm, it must be said that this value is the one that allows the calculated
specific heats of the solutions to best reproduce the experimental values
of Schulz graphically reproduced in Fig. 6 (the comparison is only visual,
since Schulz didn’t report its experimental data in numerical form).
Additionally, it must be said that this value is in good agreement with
[32,42,47], which calculated for ΔCpm a value in the range of 1.5–3 J
mol− 1 K− 1 in the surrounding of the eutectic composition, also indi-
cating its substantial constancy with temperature.

In order to calculate now the specific heat of the Pb-Li solution
characterized by xLi = 0.157, we can follow exactly the same procedure
as before, keeping for this slightly different composition the same value
of ΔCpm, since, according to Refs. [32,34,47], its value is expected to
change trivially for small composition shift in Pb-rich solutions (the
value of ΔCpm increases instead significantly for Li-richer solutions;
particularly for xLi = 0.5 it was calculated as 5.2 ± 1.4 J mol− 1 K− 1,
while for xLi = 0.78 it increased up to 15.7 ± 2.4 J mol− 1 K− 1 [47]). The
ideal and the real molar thermal capacities of the xLi = 0.157 solution
are reported as Ideal Cpm (xLi = 0.157) and Real Cpm (xLi = 0.157)
respectively in the 7th an 8th columns of Table 3; finally, the specific
heats of this solution cp(xLi = 0.157) are calculated after dividing the
real thermal capacities for the solution Molar Mass, which assumes now
the value of 175.76 g mol− 1 (9th column). From the values reported in
Tables 3 and it’s easy to note that the differences between the values of
the specific heats of the solutions at different compositions arise mainly
from their different Molar Masses; in fact, as already stated, the molar
thermal capacity is minimally affected by the compositions variation
(compare the values in 5th and 8th columns).

The values of the specific heats of the ‘real’ eutectic solution at
different temperatures are graphically displayed in Fig. 7, together with
the best fitting line. The selected fitting equation is actually a ‘func-
tional’ equation, since, considering the theoretical complexity of the
system, it is not possible to fix a specific type of dependence on T. A
second order polynomial equation has been hence selected, which is
able to give a better description of the data trend (R2 = 0.9997) respect
with a first order (linear) one. It is below reported:

cp [J g− 1 K− 1] = 0.2009–2.806 ⋅ 10− 5 T + 7.343 ⋅ 10− 9 T2 (10)

The second order term introduces only a very small correction in the
final result, while the first order term is indeed almost the triple of the
Schulz one in equation (9), since it reflects mainly the trend with tem-
perature of the specific heat of pure liquid Lead.

To conclude, it can be said that the procedure here employed to

Ta
bl
e
3

Va
lu
es
of
C p
m
an
d
c p
fo
r
th
e
Pb
-L
is
ol
ut
io
ns
ca
lc
ul
at
ed
st
ar
tin
g
fr
om

pu
re
co
m
po
ne
nt
s
da
ta
.

T
[K
]

C p
m
(L
i)
(x
Li
=
1)
[j

m
ol

−
1
K−

1 ]
C p
m
(P
b)
(x
Li
=
0)
[j

m
ol

−
1
K−

1 ]
Id
ea
lC

pm
(x
Li
=
0.
16
8)
[j

m
ol

−
1
K−

1 ]
Re
al
C p
m
(x
Li
=
0.
16
8)
[j

m
ol

−
1
K−

1 ]
c p
(x
Li
=
0.
16
8)
[J
g−

1

K−
1 ]

Id
ea
lC

pm
(x
Li
=
0.
15
7)
[j

m
ol

−
1
K−

1 ]
Re
al
C p
m
(x
Li
=
0.
15
7)
[j

m
ol

−
1
K−

1 ]
c p
(x
Li
=
0.
15
7)
[J
g−

1

K−
1 ]

no
te
:Δ
C p
m
=
0

no
te
:Δ
C p
m
=
2.
35

no
te
:M

=
17
3.
55

no
te
:Δ
C p
m
=
0

no
te
:Δ
C p
m
=
2.
35

no
te
:M

=
17
5.
76

50
0

30
.1
25

30
.9
45

30
.8
07

33
.1
57

0.
19
10
5

30
.8
16

33
.1
86

0.
18
87
0

60
0

29
.5
39

30
.6
35

30
.4
51

32
.8
01

0.
18
89
9

30
.4
63

32
.8
13

0.
18
66
9

70
0

28
.9
87

30
.3
32

30
.1
06

32
.4
56

0.
18
70
1

30
.1
21

32
.4
71

0.
18
47
5

80
0

28
.9
37

30
.0
16

29
.8
35

32
.1
85

0.
18
54
4

29
.8
47

32
.1
97

0.
18
31
9

90
0

28
.8
86

29
.6
98

29
.5
62

31
.9
12

0.
18
38
7

29
.5
71

31
.9
21

0.
18
16
2

10
00

28
.8
36

29
.3
97

29
.3
03

31
.6
53

0.
18
23
8

29
.3
09

31
.6
59

0.
18
01
3

2 It must be noted that the values of Cpm(Pb) at temperatures below Pb
melting point were evaluated in Ref. [46] as if this metal was still in liquid
phase, therefore they cannot be experimental values, but they are obtained by
extrapolating down the liquid phase molar thermal capacity of Pb.
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calculate cp of the Pb-Li eutectic liquid solution, can be applied as well to
any Pb-Li solution characterized by a slightly different composition
(ΔxLi of the order of ±1 at.% or a bit more), for which ΔCpm can be
assumed to be equal to that of the eutectic one. Since xPb corresponds to
(1-xLi), it is possible to rewrite equation (8) for a generic ‘close to
eutectic’ solution as:

Cpm(sol)= Cpm(Pb) ⋅ (1-xLi)+ Cpm(Li) ⋅ xLi+ ΔCpm (sol)= Cpm(Pb)+ xLi ⋅
[Cpm(Li) - Cpm(Pb)] + ΔCpm (sol) (11)

Dividing by the molar mass of the solution (which also depends on
the composition and the molar masses of Lithium and Lead, respectively
MLi and MPb) we get the generic relation for the corresponding specific
heat:

cp(sol)
[
J g-1 K-1

]
=
Cpm(Pb) + xLi

[
Cpm(Li) - Cpm(Pb)

]
+ Cpm(sol)

MPb + xLi (MLi - MPb)

=
Cpm(Pb) + xLi

[
Cpm(Li) - Cpm(Pb)

]
+ 2.35

207.2 - 200.3 xLi
(12)

4.2. Density and volumetric thermal expansion coefficient

4.2.1. Theoretical premise
Density (ρ) and volumetric thermal expansion coefficient (β) are two

linked properties of the solution, in that both of them follows from the
same quantity, the molar volume, and its variation with temperature:

therefore, they will be together dealt with in this section.
If we consider exactly 1mol of material, density is in fact given by the

relation:

ρ= M
Vm

(13)

where M is the molar mass and Vm is the molar volume. The volumetric
thermal expansion coefficient, by definition, is instead given by:

β=
1
Vm

∂Vm
∂T (14)

which, introducing Vm as (M/ρ) according to equation (13), becomes:

β=
ρ
M

∂
(
M
ρ

)

∂T = ρ
(

-
1
ρ2

)
∂

∂T= -
1
ρ

∂
∂T (15)

Therefore, in this section, the most trustable correlation for the
density will be at first searched for, by analysing the many experimental
data reported in literature. Then, the volumetric expansion coefficient
will be got by simply applying equation (15) to the selected expression
for density: this way, the internal coherence of the two quantities will be
assured.

Of course, if the Pb-Li eutectic solution behaved as an ideal solution,
its molar volume could be simply calculated from the available knowl-
edge of the molar volumes of the 2 pure metals, since volume is an

Table 4
Experimental ρ vs T correlations available in literature for the Pb-Li ‘near eutectic’ solutions.

Author Li content [mol %] Method Correlation Range of T [K] Ref.

Schulz 16.8 Sessil drop ρ [Kg m− 3] = 10450–1.68 T [K] 508–625 [43]
Alchagirov 17.0 Pycnometric ρ [Kg m− 3] = 9912–0.798 T [K] 580–770 [54]
Prokhorenko 17.0 Penetrating γ-rays ρ [Kg m− 3] = 10470–1.152 T [K] 508–900 [56,57]
Stankus 17.0 Penetrating γ-rays ρ [Kg m− 3] = (10520.35 ± 3.96) – (1.19501 ± 0.00558) T [K] 508–880 [58]
Khairulin 15.7 Penetrating γ-rays ρ [Kg m− 3] = (10581.8 ± 35.5) – (1.229 ± 0.027) T [K] 508–997 [59]

Fig. 7. Calculated cp for the eutectic Pb-Li solution (Li = 15.7 at.%), together with their fitting line.

P. Favuzza Results in Materials 23 (2024) 100622 

9 



extensive quantity; unfortunately, the non ideality of the system in-
troduces the additional VmE term, i.e., the molar excess mixing volume, so
that a relation formally equal to equation (11) actually holds for the
molar volume of the solution:

Vm(sol) = Vm(Pb) + xLi ⋅ [Vm(Li) - Vm(Pb)] + VmE (16)

and a relation analogous to equation (12) actually holds for the density
(ρ) of the solution:

ρ= 207.2 - 200.3 xLi
Vm(Pb) + xLi [Vm(Li)-Vm(Pb)] + VEm

(17)

Anyway, it is not easy to a priori estimate the VmE value; we only know
that for the Pb-Li solutions it assumes negative values (see Fig. 5), in
other words there is a volume contraction in a real Pb-Li system respect
with an ideal one, and density is hence higher than for an ideal case. This
effect, indicated by all the experimental investigations (see next sec-
tion), actually agrees with the knowledge of the system (section 2.3),
which is characterized by a strong interaction between hetero atoms and
by a Pb-Li distance smaller than in the assumption of a random atomic
distribution.

4.2.2. Experimental density data from literature
Several sets of values have been reported in literature for the den-

sities of liquid Pb-Li solutions and even more correlations to describe
their variations with temperature [48]: they are listed in Table 4. It must
be observed, anyway, that the difference, at each temperature value,
between the highest and the lowest proposed density value is always
≤3.5 % (with respect to the highest one): this likeness of values, which
follows from the relative ease in the measurement of densities and from
the extensive nature of the volume, assures that in any case we would
not introduce important inaccuracies in the choice of a specific corre-
lation instead of another one. Let’s try however to find out the most
trustable one.

The first experiment aimed at measuring the density of a Pb-Li liquid
solution was reported by Schneider in 1954 [49], but it was related to a
solution characterized by a Lithium molar fraction equal to 37.74 %, in
the range of temperature of 500–700 ◦C. Later, in 1976, Ruppersberg
and Speicher [50] performed many measurements of different Pb-Li
solutions, covering the entire range of composition, from pure Lithium
to pure Lead, but not in correspondence of the exact eutectic composi-
tion (their closest measurement was for xLi = 0.2). In both the afore-
mentioned investigations [49,50], the employed technique was the
Maximum Pressure Gas Bubble (MPGB), which is based on the mea-
surement of the pressure in the bubbles blown into the liquid through a
capillary of known radius: the density of the liquid is estimated from the
pressure change with the immersion depth of the capillary [51,52].

Density values achieved by Ref. [50], even if considered rather
trustable and therefore reported in many following works [34] and
collections of Pb-Li properties, suffer anyway the limit of not giving a
direct picture of the real eutectic composition, which is possible only
through the interpolation of the experimental data; in this regards,
several, different procedures for the interpolation of those data were
later proposed [40,42], but it isn’t actually easy to evaluate the accuracy
of these analytical processes.

A different experimental investigation was conducted (1986) by
Schulz [43] on the same Pb-Li sample already described in the Specific
Heat section of this document (4.1), i.e. characterized by a Li content
equal to ~0.67 wt% (about 16.8 at.%) and prepared under Argon at-
mosphere starting from 99.4 % purity Li and 99.9 % purity Pb. For the
acquisition of the density values with temperature he employed the
uncommon ‘sessile drop’ method, using an apparatus which had been
previously employed for another purpose, i.e. the contact angle mea-
surements [53]: here, the density could be calculated from the mea-
surements of the volume and the weight of the deposited droplet.
Nonetheless, some uncertainties are present in the results so achieved,

arising from the effect of gravity which deforms the shape of the droplet
from a perfect sphere (and makes harder to exactly estimate its volume),
from the precision in the temperature acquisition and mostly from the
depth in the focus of the optical system: on the whole, the relative std.
deviation of the measurement was estimated by the author as ± 3 %.

In 2005 Alchagirov [54] performed 2 series of density measurements
with increasing temperature of a Pb-Li solution characterized by xLi =
0.17, employing the pycnometric method, and calculated the confidence
error of the results as ≤ 0.2 %. Its results agree with those achieved by
Schulz [43], within the confidence error of the latter.

Another current of liquid materials density measurements is instead
based on the penetrating γ-rays technique, which entails to monitor the
attenuation of the intensity of a flux of γ-radiation passing through the
material. Density can be calculated, at a specific temperature (T),
through the formula:

ρ(T)= ln [J0(T)/ J(T)]
d(T)

(18)

where J(T) and J0(T) are, respectively, the intensity of the radiation after
its passage through the crucible containing or not the sample, d(T) is the
γ-rays attenuation length (the inner diameter of the crucible corrected
for the γ-rays beam diameter; d is function of temperature, because solid
crucible changes a bit its geometry with temperature) and μ is the mass
attenuation coefficient of the investigatedmaterial (this quantity instead
doesn’t depend on temperature, nor on the aggregation state of the
materials, but only on the nature of the nucleus of the material and of the
specifically employed γ-rays beam). For what concerns a multicompo-
nent system, as our eutectic Pb-Li solution, the mass attenuation coef-
ficient (μsol) can be calculated using the additivity rule, according to the
formula [55]:

μsol =
∑

μici (19)

where μi and ci are respectively the mass attenuation coefficient and the
mass concentration of each component of the system. In the case of the
Pb-Li eutectic solution, whose values of ci are known since fixed by the

Fig. 8. Temperature dependencies of the density of liquid Pb-Li alloys of near-
eutectic composition: 1 [59]; 2 [59]; 3 [58]; 4 [43]; 5 [54]; 6 [34]*
* Reproduced from International Journal of Thermophysics, R.A.Khairulin
et al., Volumetric Properties of Lithium–Lead Melts, (2017) 38:23, Springer,
with permission from SNCSC.
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composition, it is only necessary to perform a preliminary calibration of
the system with respect to both pure Pb and pure Li, even at room
temperature, to get the corresponding values of μi in the specific
employed setup: the known density value of a pure metal at room
temperature can be introduced as input parameter in equation (18) to
get its value of μi, then the obtained μi values of the 2 pure metals can be
introduced in equation (19) to calculate μsol and employ it all over the
temperature range of interest.

The first investigation of a Pb-Li solution with the penetrating γ-rays
technique was performed in 1988 by Prokhorenko [56,57], as a part of
the study of the physio-chemical characteristics of the Pb-Li eutectic
made at the Lvov Polytechnical Institute, even if the investigated
composition actually corresponded to 17 at.% of Lithium (the old
eutectic definition). Then, in 2006, Stankus [58] investigated a Pb-Li
sample with the same composition, but with an improved procedure
and setup, optimized particularly in terms of the sample purity; finally,
in 2016, Khairulin [59], member of the same working group of Stankus,
applied an even more optimized γ-ray attenuation technique to a wide
range of Pb-Li solution compositions, including this time also the real
eutectic one (15.7 at.% of Lithium).

Density values achieved through γ-rays technique are all rather close
each other but result higher than those achieved through the other
techniques [43,50,54] by about 3.0–3.5 %. Stankus [58] ascribed this
discrepancy mostly to the different composition of the alloys prepared
and investigated by the different authors, and to the possible existence of
a gradient of concentration within the sample itself. Fig. 8 is an overview
of the many experimental correlations (density vs temperature) pro-
posed by the aforementioned authors and taken from Ref. [59]. In
particular, the dependencies for the Li17Pb83 melt reported by Refs. [43,
54] appear significantly lower than those obtained by Ref. [59] for the
same composition; moreover they result even smaller than those re-
ported by Ref. [34] for the composition Li20Pb80, and this anomaly
(density shall increase with Pb content) led Khairulin to conclude that
the data from Refs. [43,54] on the density and the thermal expansion
were affected by significant errors.

The correlations obtained by Ref. [59] for the density of the eutectic
solution, i.e.:

ρ [Kg m− 3] = (10581.8 ± 35.5) – (1.229 ± 0.027) ⋅ T (valid for 508 ≤ T
≤ 997 K) (20)

is considered the most accurate among all reported until now in litera-
ture. The reasons of this choice are.

1) The high accuracy in the sample preparation. Purities of the
employed raw material was very high (Lead was 99.992 wt%, Li was
99.95 wt%); each sample was prepared in a glovebox filled with
high-purity Argon; an electronic analytical balance was employed for
the weighing process; the cell was installed in the furnace of the
γ-densitometer (employing 137Cs as source) avoiding the contact
between sample and air, then the furnace was evacuated and filled
with pure Ar up to 0.1 MPa: on the whole the uncertainty in the
alloys composition was estimated to be within ±0.04 at %.

2) The homogeneity of the liquid alloy was also verified by measuring
the γ-rays attenuation produced by different points of the sample, at
different heights.

3) Density was measured both in isothermal conditions and in ther-
mally dynamic experiments (founding no significant differences in
the results).

4) Considering also the fair accuracy in the temperature measurement,
the total relative error in density measurement was reported to be
very small (≤0.2 % at 450K, ≤0.4 % at 1050K).

5) Correlation (20) is actually the only one obtained through a direct
investigation of a real eutectic solution (xLi = 15.7 %). So, no
interpolation of experimental data achieved from different compo-
sitions must be done and no additional approximation is hence
introduced in the result.

Regarding the total uncertainty of the values obtained through
equation (20), it assumes the highest value in correspondence of the
highest temperature (997 K): in this case it can be calculated as ~ 0.67%
in relative terms.

Fig. 9. Temperature dependency of the volumetric thermal expansion coefficient of the liquid Pb-Li eutectic solution.
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4.2.3. From the density to the volumetric thermal expansion coefficient
As explained in section 4.2.1, the functional correlation for the

volumetric thermal expansion coefficient (β vs T) can be obtained by
simply applying relation (15) to equation (20). From the general linear
relation for the density:

ρ(T) = a – b * T (21)

we get therefore

β= -
1
ρ

∂
∂T =

b
ρ =

b
a - b ∗ T

=
1

(a/b) - T
(22)

Thus, considering the specific a and b values reported in equation
(20), we get the relation:

β
[
K-1

]
=

1
8610 - T

(valid for 508≤T≤997 K) (23)

which is graphically shown in Fig. 9. The expansion coefficient increases
a bit with temperature, with an almost linear trend, and assumes always
values of the order of 10− 4 K− 1.

In order to evaluate the accuracy of the β value so calculated, we
must observe that it depends on the uncertainty associated to both the b
term (~2.2 % according to equation (20)) and to the total ρ value
(previously calculated, by excess, as 0.67 %). Therefore, if we include
these uncertainty terms in equation (20), we get:

β+Δβ =
b (1 0.022)
(1 0.0067)

= β
(1 0.022) (1 0.0067)
(1 0.0067) (1 0.0067)

∼ β (1 ± 0.022) (1 ± 0.0067) ∼ β (1 ± 0.029) (24)

Therefore, |Δβ| results ≤2.3 %, in relative terms.

4.3. Thermal diffusivity and thermal conductivity

4.3.1. Theoretical premise
In this section the heat transport properties of the liquid Pb-Li

eutectic will be investigated, namely its thermal diffusivity and its
thermal conductivity. Being ‘transport properties’, they are not exten-
sive properties increasing with the amount of substance, they depend
instead on the specific motion of free electrons and atoms inside the
liquid structure.

Whenever a temperature gradient (→T) exists inside a material, a
heat flow ( q→) is established according to the Fourier’s law, which, in
case the material is homogeneous and isotropic, satisfies the relation
[60]:

q→= - λ ∇
̅→T (25)

Accordingly, thermal conductivity, λ [W m− 1 K− 1], is defined as the
heat that flows in unit time through a unit area of a layer of material
with unit thickness, in response to a unit temperature difference.

The heat flow through the material produces in turn a temperature
change in each specific point of its; the temperature evolution, both
along the space and the time coordinates, is described by the differential
equation of the heat conduction [61]:

∇2 T -
1
α

∂T
∂t =0 (26)

where α [m2s− 1] is the thermal diffusivity of the material.
Thermal conductivity and thermal diffusivity anyway are not inde-

pendent quantities, but it is possible to verify that they are linked by the
relation below [60],

λ = α ⋅ cp ⋅ ρ (27)

indicating that thermal conductivity of a system corresponds to its
thermal diffusivity multiplied by its density (ρ) and its specific heat (cp)
(the product cp ⋅ ρ, [J m− 3 K− 1], is also called ‘volume heat capacity’). For
this reason, being the 2 thermal quantities a different representation of
the same physical property, it makes sense in this section to treat them
together and link them through the correct correlations for cp and ρ
already selected in this document, this way assuring the internal
coherence of all of them.

4.3.2. Experimental diffusivity and conductivity data from literature
Due to the complexity of the theoretical description of the physical

mechanisms affecting the heat transport properties, reliable values of
the heat conductivity and diffusivity can be achieved only through
experimentation. Anyway, there is an intrinsic complexity also in the
experimental investigations, since transport properties are asked to
describe systems that are not in an equilibrium state; additionally, when
the heat flux must be measured at high temperature, as is the case of
many liquid metals and metallic alloys, the inaccuracy of the result may
become significant, because of the heat losses associated to radiation
and convective transfer from the sample to the environment. Conse-
quently, data reported by different authors are often so incongruous to
overstep the possible total errors estimated by each of them, and the
coefficients of variation with temperature sometimes assume even
opposite signs.

Three independent, experimental works [42,43,61] are reported in
literature for the determination of the thermal diffusivity and conduc-
tivity of the liquid Pb-Li eutectic; their outcome is summarized in
Table 5. They are all based on the laser flash method, even if employing
a different setup and a different calculation model to extract from the
output of the analysis (a temperature vs time diagram) the correct
thermal properties of the system. Additionally, other data for the Pb-Li
thermal properties can be found in Ref. [40], but they do not come
from real measurements and are instead only calculated through the
additivity rule, i.e. by adding the corresponding properties of the two
pure metals constituting the eutectic, each one weighted by its atomic
concentration: this approach is quite misleading and will not be
considered here.

Schulz [43], in 1986, investigated a Pb-Li sample prepared as already
described in the Specific Heat and Density sections of this document, i.e.
characterized by a Li content equal to ~0.67 wt% (16.8 at.%) and pre-
pared under Argon atmosphere starting from 99.4 % purity Li and 99.9
% purity Pb. He covered the sample (cylindrical shaped) with CaF2 discs
on both sides, allowing the absorption of the laser flash (wavelength
1.06 μm) on the front one and registering the temperature rise at the rear
one, with an In-Sb Infrared Detector (IR). He calculated at first the
thermal diffusivity, then, exploiting equation (27) and the expressions
he had already found for the specific heat and the density, he got the
conductivity.

Several weaknesses can be found in Ref. [43] experimentation: the
Pb-Li sample composition, which does not match the correct eutectic
one; the range of investigated temperatures, 513–623K, which is rather

Table 5
Experimental α or λ vs T correlations available in literature for the Pb-Li ‘near eutectic’ solutions.

Author Li content [mol %] Method Correlation Range of T [K] Ref.

Schulz 16.8 Laser flash α [mm2 s− 1] = 0.13 + 0.0130 T [K] 508–623 [43]
Kondo 17.0 Laser flash α [mm2 s− 1] = − 10.5 + 0.0346 T [K] 573–773 [42]
Agazhanov 15.7 Laser flash λ [W m− 1 K− 1] = 0.71 + 0.0291 T [K] – 1.064 ⋅ 10− 5 T2 [K2] 508–1273 [61]
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narrow, raising some doubt about the accuracy of values obtainable by
extrapolation at higher temperatures; the calculation model adopted,
which is not described in the paper, where only the std deviation of
obtained values is actually indicated (≤5 %); finally, the fact that the
same procedure, previously applied by the same author to a pure Lead
liquid sample, had produced thermal diffusivity values up to 20 %
higher than those already reported for Lead by Touloukian [62], so no
confirmation of the method soundness can be given by any comparison
with previous independent measurements.

Later, in 2016, Kondo [42], using a ULVAC TC-9000 device, inves-
tigated three different Pb-Li samples, characterized respectively by a Li
molar fraction equal to 5, 11 and 17 at.%, in order to evaluate the effect
of the composition on the value of the thermal diffusivity. Each Pb-Li
sample was fabricated by the author using small grains of Pb and Li at
723K; Li concentration in the samples was determined by measuring its
melting points and through the ICP-AES analysis. The sample, shaped as
a disk with diameter smaller than 9 mm and thickness of 1 mm, was
placed inside a graphite holder, between 2 sapphire plates, and heated.
Operating under a pressure of 1 Pa, a Nd glass laser (wavelength = 1.07
μm, pulse duration = 0.49 ms, energy output = 10 J)3 irradiated the top
surface of the sample and the temperature increase of the opposite one
was measured by an infrared detector. Thermal diffusivity of the sample
was evaluated by applying the adiabatic model proposed by Parker [63],
particularly its equation (7).

The working procedure performed by Kondo has some strong points
with respect to Schulz one, in that it covers a wider temperature range
(up to 873K) and its description is more detailed, in particular regarding
the calculation model and the observation about the thermal convection
in the thin Pb-Li liquid film,. Yet, even the work of Kondo presents some
weaknesses: none of the examined Pb-Li samples has a composition
actually matching the real eutectic one (15.7 at.% of Li); according to
the observations made by Ref. [61], the sapphire plate might have

absorbed a bit of the infrared radiation, hence affecting the signal
received by the IR detector; finally, the heat losses to the environment,
not negligible at the experiment temperatures, could have made the
employed Parker model a bit inaccurate.

By comparing the results achieved by Kondo with those by Schulz,
the former are always higher, up to about 40 % more (at 623K) of the
latter, and some doubt remains about the correctness of both the
experimentations.

More recently (2020), a new measurement of liquid Pb-Li thermal
properties has been executed by Agazhanov [61] and led to a better
description of the system of our interest. Here, the investigated sample
was characterized by a composition matching the real eutectic one (Li =
15.7 at.%). The eutectic mixture was prepared starting from 99.992 wt
%. purity Lead and 99.95 wt% purity Lithium; the metals, preliminarily
cleaned from surface oxide films and handled under a protective Argon
atmosphere inside a glovebox, were then melted together inside a spe-
cial steel tube, twice increasing the temperature up to 900K.

The methodology employed by Agazhanov [61] is based again on the
laser flash irradiation of the sample, but it resorts to a different experi-
mental setup and particularly a different calculation model, already
presented in Refs. [64,65]. Agazhanov used a sealed steel cylindrical
ampoule (Fig. 10), in which the liquid sample (indicated as ‘2’ in the
figure) was ‘clamped’ between the crucible (‘1’) and the lid (‘3’). The
design of such an ampoule provides a plane-parallel liquid layer of
known thickness and a good contact between the sample and the
bounding surfaces. A laser pulse (‘4’) is supplied to the bottom surface of
the crucible, generating a heat flux directed upward, which crosses the
crucible itself, the sample layer and the lid; radiation from the upper
surface of the lid (‘5’) is finally received by an infrared detector and then
converted into an electrical signal.

In order to get, from the output of the experiment (the measured
temperature), the thermal diffusivity and conductivity of the liquid Pb-
Li sample, equation (26) was solved in cylindrical coordinates (r =

distance along the radius of the ampoule; z = vertical direction): this
required to properly fix the boundary conditions, as detailed by relations
(3) to (13) in Ref. [61]. In this set of relations, it can be noted: the
emission from the external surfaces of the ampoule was taken into ac-
count too, through the introduction of the parameter ε (emissivity fac-
tor); density and specific heat values of both phases (steel and liquid

Fig. 10. Scheme of the measuring ampoule in the Agazhanov experiment: 1 =

steel crucible; 2 = liquid sample (Pb-Li); 3 = steel lid; 4 = laser pulse; 5 =

detected infrared radiation*
* Reprinted from Fusion Engineering and Design, 152, A.Sh. Agazhanov et al.,
Thermal conductivity and thermal diffusivity of Li-Pb eutectic in the tempera-
ture range of 293–1273K, 111456, Copyright (2020), with permission
from Elsevier.

Fig. 11. Liquid phase thermal conductivity of eutectic and near-eutectic alloys.
Black points and fitting curve are data from Agazhanov [61]; red squares are
data from Schulz [43]; blue triangles/fitting curve are data from Kondo [42];
dashed green curve is calculated through the additivity rule; solid green line is,
for comparison, thermal conductivity of pure Lead [66]*
* Reprinted from Fusion Engineering and Design, 152, A.Sh. Agazhanov et al.,
Thermal conductivity and thermal diffusivity of Li-Pb eutectic in the tempera-
ture range of 293–1273K, 111456, Copyright (2020), with permission
from Elsevier.

3 In laser flash procedures the pulse is very short and the transferred energy is
consequently small, in order to make small the temperature increase of the
sample: this way it is possible to assume the consistency of the sample thermal
diffusivity during each single experiment. The variation of the diffusivity value
with temperature is instead assessed by comparing the results achieved in
different experiments, characterized by quite larger differences in the starting
operating temperature.
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Pb-Li eutectic) were taken from previous literature data and inserted as
known values in the equations, and they affected the heat propagation at
each interphase; the change in the Pb-Li liquid layer thickness was
considered as well, through the thermal expansion of the ampoule
material.

The thermal conductivity of liquid Pb-Li was hence determined, at
each investigated temperature, by the best agreement (root-mean-
squared deviation) between the experimental heating thermogram and
the one calculated solving the abovementioned equation: the thermal
conductivity of Pb-Li and the emissivity factor of the steel were the 2 real
fitting parameters of this calculation.

From the values found for the thermal conductivity (λ), the following
fitting correlation was constructed:

λ [W m− 1 K− 1] = 0.71 + 0.0291 T–1.064 ⋅ 10− 5 T2 (28)

(valid in the range 508 ≤ T ≤ 1273K)

It must be said that in his calculation Agazhanov employed, as
known values for the density and the specific heat of the liquid eutectic
Pb-Li, those coming respectively by equation (20) [59] and equation (9)
[43] of this paper. While the first equation has been actually evaluated
as the best one for the density of the eutectic (see section 4.2.2), equa-
tion (9) for the specific heat was shown instead to have some limits,
particularly regarding the Pb-Li composition, and the new equation (10)
was therefore suggested in place of it (see section 4.1.3). Therefore, the
result found by Agazanov could be a bit affected by the use of inaccurate
numbers for the specific heat; anyway, he admitted an error of about
4–6% in its conductivity values (the error is higher at higher tempera-
ture), and stated that it was due mainly to the uncertainty in the prop-
erties of the ampoule material and in the Pb-Li specific heat. We think
that this estimated range of error is able to include also the small
discrepancy between equation (9) and equation (10), so we keep his
estimation.

Fig. 11 shows thermal conductivity results achieved by Agazhanov,
compared with the previous, alreadymentioned, ones of Schulz [43] and
Kondo [42], together with the data of pure liquid Lead [66] and those
calculated for the eutectic solution according to the additivity rule
(weighted average of the 2 pure metals). It can be verified that data from
Agazhanov are indeed rather close to those of Schulz, while they are
smaller than Kondo ones, particularly the higher is the temperature. It’s
also worth noting that the addition of 15.7 at.% Li to pure Pb does not

increase the thermal conductivity, as it would be expected if the simple
additivity rule held: all Agazhanov eutectic data lie in fact below pure Pb
ones and, even more, below pure Li ones (thermal conductivity of pure
Li [67] is higher than Pb one). Such conductivity behaviour, which may
appear strange, can be explained remembering (see section 2.3) that the
liquid Pb-Li system is far from being an ideal solution, and that the
valence electrons of the metals (main responsible for the heat conduc-
tion) are less free to move than in pure metals, being partly localized in
ionic type interatomic bonds. It is for this same reason that, as will be
seen in section 4.4, electrical conductivity of liquid Pb-Li eutectic is
smaller than those of pure constituting metals: also this property is
dependent in fact on the electrons motion throughout the phase.4 This
coherence between the behaviours of thermal and electrical conduc-
tivity is another point that makes Agazhanov results stronger than
Kondo ones.

For what concerns the selection of a suitable correlation for the
thermal diffusivity of the liquid Pb-Li eutectic, we don’t choose here the
one suggested by Agazhanov, since we know it is related to thermal
conductivity one through the employment of an inaccurate Specific Heat
correlation. Therefore, to keep the coherence of all the correlations till
now proposed in this paper, thermal diffusivity values have been here
calculated at each temperature employing equations ((10), (20), (27)
and (28); from the fitting of the obtained values, the new relation is
proposed:

α [mm2 s− 1] = 0.208 + 0.0160 T–4.405 ⋅ 10− 6 T2 (29)

This relation is considered to hold from the eutectic melting point up
to 997K, i.e. in the range of temperature for which all the employed
equations, (10), (20) and (28) are considered valid. The relative un-
certainty associated to the diffusivity values is considered at most equal
to 7 %, i.e. the value obtained by summing, under square root, the
squares of the maximum uncertainties associated to the 3 above
equations.

Fig. 12 plots, in red, the calculated thermal diffusivity values, which
are coincident with their fitting red curve (the above equation), since

Fig. 12. Liquid phase thermal diffusivity of the eutectic Pb-Li alloy. Green curve is the plot of the original equation proposed by Agazhanov [61]; red points and
fitting curve have been instead calculated here starting from equations ((10), (20), (27) and (28).

4 According to the Wiedemann-Franz law, the ratio between the thermal and
electrical conductivity of a metal is proportional to the temperature; moreover,
the proportionality constant (Lorenz number) assumes values almost equal in
different metals. This aspect will be dealt in detail in section 4.4.3.
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data were extremely correlated (R2= 0.9999). Green curve is instead the
plot of the original equation proposed by Agazhanov for the thermal
diffusivity: it’s easy to see that the distance between the curves is always
small, in relative terms, up to a max of 3.4 % at 997K. Green curve lies
below the red, correct one, since Agazanov, in his calculation, over-
estimated the specific heat of the liquid Pb-Li eutectic.

4.4. Electrical resistivity

4.4.1. Theoretical premise
Electrical resistivity (ρel; the subscript ‘el’ is employed in this paper to

distinguish it from the symbol of density, ρ) is the inverse of electrical
conductivity (σ), therefore is a ‘transport property’ of the material. As
such, it is not an extensive property which increases with the amount of
substance and it is not possible to simply evaluate it from the knowledge
of the resistivity of the pure components.

A parallel exists anyway between thermal and electrical conductiv-
ities. Electrons movement throughout the material is in fact responsible
for both its electrical and its thermal conductivity, even if for the latter a
minor, additional ‘lattice’ contribution is also present. The existence of
this common dependence permits to relate thermal and electrical
transport properties, and will be employed in section 4.4.3 to verify the
internal coherence of the correlations selected to describe the 2 trans-
port mechanisms.

It must be also reminded here that, according to Matthiessen’s rule
[68], electrical resistivity of metals is generally composed of 2 parts: the
residual resistivity, ρ0, which does not depend on temperature, and the
intrinsic resistivity, ρ1, which instead increases rapidly with tempera-
ture. In math terms:

ρel (T) = ρ0 + ρ1 (T) (30)

While ρ0 arises from the electrons interaction with chemical and phys-
ical imperfections of the metal, ρ1 is instead due to the interactions with
phonons, i.e. the lattice vibrations which are, of course, dependent on

temperature.

4.4.2. Experimental resistivity data from literature
Only 2 different experimentations have been reported so far in

literature, focused on the accurate determination of the electrical re-
sistivity values of the eutectic (or near eutectic) Pb-Li liquid solution;
their outcome is summarized in Table 6. It is true that Nguyen in 1977
[69] and Meijer in 1985 [70] investigated the electrical transport
properties of Pb-Li solutions characterized by several compositions, so to
construct resistivity vs composition graphs, anyway none of them was
precisely corresponding to the real eutectic one, moreover resistivity
values were reported at a single, fixed, temperature. Therefore, only in
the later works of Schulz [43] and Hubberstey [71] it is possible to find a
correlation describing the variation of the eutectic electrical resistivity
with temperature.

Schulz [43], in 1986, investigated a Pb-Li sample prepared as already
described in other sections of this document (4.1.2,4.2.2 and 4.3.2), i.e.

Table 6
Experimental ρel vs T correlations available in literature for the Pb-Li ‘near eutectic’ solutions.

Author Li content [mol %] Method Correlation Range of T [K] Ref.

Schulz 16.8 4 points Thomson bridge ρel [μΩ cm] = 102.3 + 0.0426 T [K] 508–933 [43]
Hubberstey 16 Electrical Resistivity Monitor ρel [μΩ cm] = 101.26–4.982 ⋅ 10− 3 T [K] + 4.095 ⋅ 10− 5 T2 [K]2 600–800 [71]
Hubberstey 17 Electrical Resistivity Monitor ρel [μΩ cm] = 103.33–6.750 ⋅ 10− 3 T [K] + 4.180 ⋅ 10− 5 T2 [K]2 600–800 [71]
Hubberstey 18 Electrical Resistivity Monitor ρel [μΩ cm] = 105.40–8.461 ⋅ 10− 3 T [K] + 4.267 ⋅ 10− 5 T2 [K]2 600–800 [71]

Fig. 13. Sketch of the resistivity monitor employed by Hubberstey. A: bulk Pb-
Li source; B: miniature electromagnetic pump; C: capillary section*
* Reprinted from Fusion Engineering and Design, 14, P.Hubberstey et al., An
electrical resistivity monitor for the detection of composition changes in Pb-
17Li, 227–233, Copyright (1991), with permission from Elsevier.

Table 7
A, B and C fitting parameters of equation (32), at several temperature valuesa.

T [K] A B C

623 96.37 0.905 0.0124
648 97.43 0.934 0.0112
673 98.53 0.961 0.0099
698 99.60 0.995 0.0085
723 100.67 1.042 0.0067
748 101.73 1.095 0.0047
773 102.79 1.148 0.0028

a Reprinted from Fusion Engineering and Design, 14, P.Hubberstey et al., An
electrical resistivity monitor for the detection of composition changes in Pb-
17Li, 227–233, Copyright (1991), with permission from Elsevier.

Fig. 14. Plot of the electrical resistivity of Pb-Li near eutectic alloys, according
to Schultz [43] and Hubberstey [71] works*
* Reprinted from Fusione Engineering and Design, 138, D.Martelli et al.,
Literature review of lead-lithium thermophysical properties, 183–195, Copy-
right (2019), with permission from Elsevier.
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characterized by a Li content equal to ~0.67 wt% (~16.8 at.%) and
prepared under Argon atmosphere starting from 99.4 % purity Li and
99.9 % purity Pb. A four points Thompson bridge was employed to
measure the electrical resistivity; the experiment was conducted in
vacuum condition, and the thermal expansion of the Pb-Li solution was
taken into account to calculate the correct sample size. No other details
are reported in the paper, nor pictures of the employed setup.

From the plot of the resistivity versus temperature values, Schulz
proposed the following correlation for the liquid Pb-Li solution (Li =
16.8 at.%):

ρel [μΩ cm] = 102.3 + 0.0426 T (31)

(valid for 508 ≤ T ≤ 933 K)

It is not clear why the author indicates as 933K the maximum tem-
perature value for the equation validity, considering that in his plot an
experimental point at ~ 975K is present too. According to him, the ac-
curacy of the results corresponds to ±5 %.

The other relevant work in this field is the one made by Hubberstey
[71]. For the measurement he employed a resistivity cell originally
conceived at Nottingham for the study of the chemistry of liquid metal
solutions [72], whose sketch is shown in Fig. 13.

Without entering too many details of this device, which can be
retrieved in the original papers, it must be observed that the sample
electrical resistance is determined by a version of the four-terminals
method, by measuring the electrical potential difference created
across 2 silver plates; these plates are joined to the capillary tube in
which the liquid Pb-Li flows, being pushed by the miniature electro-
magnetic pump. It is hence clear that the resistance values so obtained
do not reflect only the properties of the flowing liquid metal, but also of
the steel the capillary section is made of. Therefore, being the external
steel and the inner Pb-Li 2 parallel conductors, a preliminary measure-
ment of the empty capillary resistance must be executed at each inves-
tigated temperature, in order to get, through the expressions for the sum
of parallel resistances, the Pb-Li alone value. According to the author,
the device was characterized by a sensitivity of ~0.6 nΩm and the ac-
curacy in the temperature regulation was ±0.5 K.

Regarding the Pb-Li solutions, they were prepared starting from
99.999 % pure Lead and 99.8 % pure Lithium; several composition were
investigated, starting from 100 % Lead and adding, progressively, small
aliquots of Lithium, up to a maximum of 20.5 at.% of Lithium. For each
composition, a resistivity vs temperature was constructed, up to 800K.
Additionally, the general isotherm resistivity-composition relation was
inferred,

ρel [μΩ cm] = A(T) + B(T) ⋅ xLi [at.%] + C(T) ⋅ (xLi [at.%])2 (32)

where A, B and C are parameters which vary with temperature. From the
fitting of the experimental points, the values of A, B, and C at several
temperatures were calculated: they are reported in Table 7.

Employing the above values and applying equation (32) to Pb-Li
composition respectively equal to 16, 17 and 18 at.% Li, it was
possible for Hubberstey to calculate the trend with temperature of the
electrical resistivity of these 3 near eutectic solutions. They are reported
in Table 6 and shown also in Fig. 14, together with the plot of the already
mentioned Schulz equation (31).

Curves in Fig. 14 indicate.

- resistivity values calculated by Hubberstey increase with the Lithium
content in the alloy, and they are even higher than pure Pb resistivity

at the same temperature (and even more than pure Li one), as can be
simply verified by putting xLi = 0 in equation (32). This fact,
apparently strange, agrees anyway with the already discussed non-
ideality of the Pb-Li liquid solutions: due to the existence of some
structural order inside the solution and to the partial ionic nature of
the hetero-atoms interactions, conduction electrons are less free to
move than in the pure metals and remains somewhat localized.
Additionally, this experimental evidence agrees also with the
behaviour of the thermal conductivity of the Pb-Li eutectic solution,
since its description through equation (28) led for the same reason to
values smaller than pure Pb and pure Li conductivities (see again
Fig. 11).

- Schulz values are higher than Hubberstey ones at the same temper-
ature, the difference largely exceeding the possible composition ef-
fect. The trend with temperature of Schulz curve is not too different
from those of Hubberstey curves (even if Hubberstey values increase
a bit more with temperature, due to the existence of a positive second
order term), but there is an additional positive contribution in Schulz
resistivities that shift up his curve by almost 10 % in relative terms.

After all these considerations, we don’t dispose anyway of so many
info and elements to indicate with certainty which of the 2 experimental
set of data shall be considered more trustable. Actually, later experi-
mentations performed by different authors with a resistivity monitor
device similar to the one employed by Hubberstey [73], have indicated
some intrinsic limits of this measurement procedure, like for instance
the influence on the result of possible parasitic currents originated by
the mini electromagnetic pump, of the not homogeneous temperature
distribution inside the measurement capillary, …Nonetheless, for the
moment, it seems preferable to rely on the work made by Hubberstey,
because it was more deeply described and it was based on the acquisition
of many more resistivity values, at several temperatures and composi-
tions, showing, if nothing else, a good reproducibility and internal
coherence of the results.

Moreover, the work made by Hubberstey gives also the possibility to
adapt the general equation (32) to a Pb-Li liquid solution characterized
by a composition exactly matching the eutectic one, i.e. xLi = 0.157. In
fact, if we put in equation (32) xLi = 0.157 and, for each temperature
value, the A,B and C parameters reported in Tables 7 and it is possible to
calculate the corresponding electrical resistivities of our solution of in-
terest: they are reported in Table 8 (this calculation procedure is actually
the same adopted by Hubberstey for the solutions characterized by xLi=
0.16, 0.17 and 0.18).

The fitting of Table 8 values leads to the following (ρel vs T) equation:

ρel [μΩ cm] = 101.28–6.380 ⋅ 10− 3 T + 4.211 ⋅ 10− 5 T2 (33)

which is characterized by a R2 correlation coefficient equal to 0.99996
and it’s valid in the range 600–800 K (range of the experimental points
employed to construct it). Unfortunately it is not possible to associate to
this equation an intrinsic accuracy, because it follows from on the
original experimentation made by Hubberstey, who only declared the
maximum admitted temperature uncertainty (±1K), but didn’t evaluate
all the possible sources of errors and of their propagation.

In any case, equation (33) is considered, for the moment, the most
suitable to describe the electrical resistivity of the liquid Pb-Li eutectic
solution. It is not graphically represented here, but it’s easy to see that it
will be substantially parallel to Hubberstey curves shown in Fig. 14, and
just a bit below the blue one.

Table 8
Electrical resistivity values of a real eutectic solution (xLi = 0.157) calculated at several temperatures on the basis of Hubberstey experimental data.

T [K] 623 648 673 698 723 748 773

ρel [μΩ cm] 113.63 114.85 116.06 117.32 118.68 120.09 121.50
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4.4.3. Cross-check of thermal and electrical conductivity correlations
As anticipated in section 4.4.1, thermal and electrical (σ) conduc-

tivities of a metal are strictly correlated, since both of them are depen-
dent on the electrons mobility inside the material. In this regard,
Wiedemann and Franz [74] in 1853 formulated an empirical law
relating the thermal and electrical conductivities of a metal, stating that
the ratio of the electrical and thermal conductivities (WF ratio) at a given
temperature is approximately the same for all the metals. In 1872 Lorenz
discovered that the WF ratio is also proportional to the temperature.

Later, it was evidenced that the thermal conductivity it is actually
composed of 2 contributions: the lattice contribution λL, originated from
the phonons transport, and the electronic contribution λE, originated

from the electrons/holes transport:

λ = λL + λE (34)

Therefore, only λE (not the full λ) is to be correlated with σ and the
Wiedemann-Franz hence becomes:

λE
σ = λE ⋅ ρel = L ⋅ T (35)

where L [V2 K− 2] is defined as the Lorenz number. The total expression
for the thermal conductivity is therefore:

Fig. 15. Plot of λ(T) vs
(

T
ρel (T)

)

calculated according to equations (28) and (33) in the range 508–1273 K.

Fig. 16. Plot of λ(T) vs
(

T
ρel (T)

)

calculated according to equations (28) and (31) in the range 508–1273 K.

P. Favuzza Results in Materials 23 (2024) 100622 

17 



λ= λL +
L ⋅ T
ρel

(36)

Sommerfeld [75] calculated the first order approximation of L from
the free electrons theory of metals, obtaining as result the value:

L0 =
π2
3

(
kB
e

)2

=2.443 ⋅ 10-8 V2 K-2 (37)

In the above expression, Sommerfeld number is indicated as L0 to
distinguish it from a generic L value satisfying equation (35); kB is the
Boltzmann constant; e is value of the electric charge of the electron.

Regarding equation (34), it must be observed that the electronic
contribution (λE) to the thermal conductivity is predominant in an
almost all the metals, with the lattice one usually smaller than 5 % of the
total; only in few cases (for instance metallic alloys at very low tem-
peratures) the lattice transport can become important as much as the
electronic one, and even more [68]. The lattice term depends on tem-
perature, anyway it has been evidenced to become constant above the
Debye temperature [76,77]; for pure liquid metals, it would correspond
generally to around 1 % of the total thermal conductivity [78]. Even
regarding the generic value of L of equation (36), many authors reported
numbers which are a bit different from the Sommerfeld one (L0), slightly
varying with the temperature and the nature of the metal, especially in
case of a metallic alloy. On the whole, anyway, theWiedmann-Franz law
was reported to hold for liquid metallic alloys, which is our situation
[79].

It is now interesting to verify if the specific equations we have
selected in this paper for the description of the thermal and electrical
conductivities of the liquid Pb-Li eutectic solution agree somehow with
the above theoretical considerations.

For the thermal conductivity we have selected equation (28):

λ [W m− 1 K− 1] = 0.71 + 0.0291 T–1.064 ⋅ 10− 5 T2 (valid in the range
508 ≤ T ≤ 1273K)

while for the electrical resistivity we have proposed equation (33):

ρel [μΩ cm] = 101.28–6.380 ⋅ 10− 3 T + 4.211 ⋅ 10− 5 T2 (valid in the
range 600 ≤ T ≤ 800K)

Applying equation (28) we now calculate the values of λ at each
temperature value from 508K up to 1273K; similarly, applying equation
(33), we calculate all the values of ρel in the same temperature range;

finally, in Fig. 15, we plot λ(T) vs
(

T
ρel (T)

)

for each temperature value.

Calculated points are plotted in blue in the figure; they actually overlap
with the fitting line (in black), which is in fact characterized by an
excellent correlation coefficient (R2 = 0.9999).

The black fitting line equation results:

λ
[
Wm-1 K-1

]
=1.343+2.439 ⋅ 10-8 ⋅

T [K]
ρel[m]

(38)

If we compare it with the previous equation (36),

λ= λL +
L ⋅ T
ρel

(36)

we have the possibility to get the value of L (=2.439 ⋅ 10− 8 V2 K− 2)
and λL (=1.343 Wm− 1K− 1) of our system. The value of L results
incredibly close (we can also say coincident!) to the theoretical L0
calculated by Sommerfeld and reported in relation (37) (L0 = 2.443 ⋅
10− 8 V2 K− 2). It is quite comforting that 2 experimental relations, asked
to describe 2 different transport properties, and achieved independently
by different authors on the basis of different methods and setups, give at
the end a so coherent description of the same system. This excellent
agreement surely strengthen the soundness of each of the 2 relations.

Regarding the value obtained for λL, 1.343 Wm− 1K− 1, this constant

term gives therefore a minor contribution to the total thermal conduc-
tivity, ranging from ~10 % (at the lowest temperature) to ~ 7 % (at the
highest one). Its value is qualitatively reasonable, since we know that
the lattice contribution generally constitutes a minor contribution with
the respect to the electronic contribution.

Finally, as countercheck, we apply again the same calculation pro-
cedure employed to get the value of L and λL, but using, instead of
equation (33), the already discussed Schulz correlation for the electrical
resistivity (31): the calculated points are shown in red in Fig. 16,
together with their fitting line (black).

In this case, it can be verified that the red points are not character-
ized by a good linear trend, in fact the value of R2 is ‘only’ 0.9793. The
resulting value of L here is 1.952 ⋅ 10− 8 V2 K− 2 (which is much more
different from L0 than in the previous calculation) and the resulting
value of λL (=5.420 W m− 1 K− 1) would indicate the lattice contribution
constitutes from 26 % to 42 % of the total thermal conductivity, which
seems too much.

Similarly, it can be verified that, applying (31) for the determination
of the electrical resistivity and employing instead a relation for the
thermal conductivity different from (28), the calculated values of L and
λL are not able to properly define a linear trend for the fitting equation
(34), and are both farther from those theoretically expected.

At the end we can hence conclude that the 2 relations (28) and (33),
that were independently recognized as the most accurate for the
description respectively of the thermal conductivity and the electrical
resistivity of the liquid eutectic alloy, are also the ones able to assure the
best internal coherence, on the basis of the theoretical knowledge of the
transport properties inside a metallic alloy.

4.5. Sieverts’ constant of hydrogen

4.5.1. Theoretical premise

4.5.1.1. Definition. Solubility of a gas in a liquid increases with its
pressure; when the resulting concentration in the liquid phase is small
and in the assumption of no chemical interaction, solubility results
proportional to the pressure in the gas phase, according to the Henry’s
law. When the gas is diatomic, its dissolution may also entail the
decomposition in its atomic constituents, provided these can be stabi-
lized by the liquid solvent. This is the case of gas like H2 in most liquid
metals and alloys, where the generated H atoms are stabilized in the
solvent by their capability to withdraw electronic density from the less
electronegative solvent atoms (actually, when the concentration of
solved H becomes too high, it is also possible to get the formation of a
solid, separate metal-hydride phase; for instance, in liquid Lithium at
200 ◦C, LiH precipitation takes place for Hydrogen concentration higher
than 437 appm [80]).

It is possible to formally split the dissolution process of Hydrogen
inside a liquid metal (LM) in 2 separate steps, the first related to the
solubilisation of the diatomic molecule as such and the second related to
decomposition of the solved molecule, as below:

H2(g) + n LM ⇌ H2(sol) ⇌ 2H(sol) (39)

where (g) and (sol) denote, respectively, the gaseous and the liquid
solution phases, and n is a generic coefficient (not necessary an integer
number) which defines the solvation sphere in the liquid phase. The
constant, KSOL, which regulates the overall dissolution equilibrium, is
hence:

KSOL=
a2H (sol)

PH2 anLM
(40)

where ax is the activity of the x species in the liquid solution phase and
PH2 is the Hydrogen pressure in the gas phase. In the above equation, the
activity of the liquid metal (aLM) can be set as 1, being the dissolved
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hydrogen a very minor constituent of the liquid solution. Additionally,
in this condition, the activity of the solved hydrogen can be equalized,
with good approximation, to its molar concentration (CH). Therefore,
equation (40) can be simplified as:

KSOL=
C2H
PH2

(41)

which permits to calculate the concentration of solved hydrogen as:

CH=(KSOL ⋅ PH2 )
1/2

=KS ⋅ P1/2H2 (42)

Equation (42) indicates that the hydrogen concentration in the liquid
alloy is given by the product of the square root of the hydrogen pressure
in the gas phase and of the constant KS; KS, defined as the Sieverts’
constant, is hence given by:

KS=CH ⋅ P-1/2H2 (43)

and its unit of measurement corresponds to a concentration divided by
the square root of a pressure. More details about the correct unit of
measurements will be given in section 4.5.1.3.

4.5.1.2. Rough theoretical prevision of the hydrogen solubility in Pb-Li.
The knowledge of the Hydrogen solubility (hence of the corresponding
Sieverts’ constant) in the eutectic liquid Pb-Li is of paramount impor-
tance in the application of this liquid alloy as breeding blanket, inas-
much the 3H produced in the blanket by the impinging neutron flux
needs to be extracted from the blanket itself in order to be recycled to the
plasma fusion reaction. It is clear that, the lower is the solubility of 3H,
the larger will be its fractionmoving to the gas phase and easier it will be
to readdress this isotope to the core of the reactor; additionally, the 3H
inventory inside the blanket will result smaller, reducing the associated
safety issues.

Since unfortunately, as will be detailed in section 4.5.2, the experi-
mental values of the Hydrogen Sieverts’ constant reported so far in
literature are largely dispersed (several orders of magnitude!), we pre-
sent here a preliminary, rough theoretical estimation of its expected
value. Let’s consider at first at the Hydrogen solubility values in pure
liquid Lithium and in pure liquid Lead. Without searching for too ac-
curate values (also for pure metals a small degree of uncertainty is
present), it suffices to observe that there is a large difference between the
solubility in Lead and in Lithium. Lead is characterized in fact by one of
the lowest hydrogen solubility among the known metals (the dissolution
process appears to be even endothermic), with the most reliable value
reported for the Sieverts’ constant equal to ~ 6⋅10− 9 Pa− 1/2 at 600 ◦C

[81] (and with a small dependence on temperature, though scarcely
investigated). Quite the opposite, Lithium has one of the maximum
capability to solubilize hydrogen among known metals, with a Sieverts’
constant decreasing with temperature from ~1 Pa− 1/2 at the eutectic
melting temperature to ~6⋅10− 4 Pa− 1/2 at 1000 ◦C. This means that, up
to this temperature, Hydrogen solubility in liquid Lithium results at least
5 orders of magnitude higher than in liquid Lead.

From this evidence, Larsen [81] concluded that the solubilisation of
Hydrogen in Lead-Lithium solutions was due only to the presence of
Lithium, while any interaction between Hydrogen and Lead had to be
neglected. In this regard, we know that Lithium-Lead solutions are
certainly not ideal, and that a kind of ionic interaction exists between the
heteroatoms, leading to the partial formation of aggregates. This means
that Lithium atoms in Pb-Li solutions are less available to solve and
interact with Hydrogen than in pure Lithium: the degree to which
Lithium is available and reactive in the solution is actually expressed by
its chemical activity, which is no more unitary, as in the case of pure
Lithium. Fig. 17 shows the values of Lithium activity vs temperature in a
Li17Pb83 liquid solution, as calculated from previous experiments based
on both electrochemical [19,82,83] and vapour pressure techniques
[84]. In the figure, a substantial agreement between the results of the
different authors can be noted; it is also evident that Lithium activity
results largely smaller than its atomic fraction, going from ~10− 4 at
500 ◦C to ~1.5⋅10− 3 at 800 ◦C. The increase of the activity with tem-
perature makes sense, since at higher temperature the Lead-Lithium
interaction is weakened and Lithium atoms become freer.

Larsen [81] modelled the dissolution of Hydrogen in liquid Lithium
and similarly in Lead-Lithium solutions by assuming that in the liquid
phase each Hydrogen atom is solved, on the average, by 1 Lithium atom,
as a formal Li-H association existed. The generic equilibrium (39) be-
comes hence:

H2(g) + 2 Li ⇌ 2 Li-H (sol) (44)

and the corresponding constants in pure Li and in Pb-Li are expressed
hence as:

KSOL(Li) =
a2Li-H (Li)

PH2 a2Li
=
C2Li-H (Li)

PH2
= K2s (Li) (45a)

in the case of pure Li, and

KSOL(Pb-Li) =
a2Li-H (Pb-Li)
PH2 a2Li

=
C2Li-H (Pb-Li)
PH2 a2Li

=
K2s (Pb-Li)
a2Li

(45b)

in the case of the Pb-Li eutectic solution.
The 2 KSOL constants must be numerically equal, since, in the

assumption of no active role played by the Lead, they give the equilib-
rium ratio of the same quantities; this means that:

Ks(Pb-Li) = Ks(Li) ⋅ aLi (46)

According to the relation (46), it is therefore possible to obtain the
value of the Sieverts’ constant in Pb-Li by multiplying the known value
of Sieverts’ constant in pure Lithium by the known Lithium activity in
Pb-Li solution. Working this way Larsen got for Ks(Pb-Li) a value almost
constant with temperature in the range 500◦C–767 ◦C, slightly
decreasing from ~1.5⋅10− 6 Pa− 1/2 (at 500 ◦C) to ~ 1.2⋅10− 6 Pa− 1/2 (at
767 ◦C). This small dependence on temperature occurs because, from
one side, the Sieverts’ constant in pure Lithium decreases with tem-
perature, while, from the other side, the activity of Lithium in the
eutectic Pb-Li increases with temperature (as shown in Fig. 17): the 2
effects tend to compensate almost cancelling each other.

Later, Schumacher [85] corrected the model adopted by Larsen,
since, based on the previous analysis of Frohberg [86], he underlined
that the presence of Pb would affect instead, to some extent, the ther-
modynamics of the solubilisation process. Particularly, he highlighted
that the state of the Hydrogen atoms in Pb-Li solutions is actually

Fig. 17. Lithium activity for the ‘near eutectic’ Li17Pb83 solution according to
the experimental works of several authors: ○ [19], ∇ [82], Δ [83], ∎ [84].
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different with respect to those in pure Lithium, because in the former
situation the partial excess entropy of the dissolved Hydrogen results
smaller. In his description, the presence of Lead alters the Hydrogen
random distribution inside the solution and creates an energy barrier to
the translation motion of Hydrogen atoms, which, similarly to Lead
ones, acquire a partial negative electric charge from the surrounding
Lithium atoms. A reduced excess entropy makes the dissolution less
favoured and translates into a smaller value of the Sieverts’ constant:
according to Schumacher, the real hydrogen solubility in the eutectic

Pb-Li alloy should result about 1 order of magnitude smaller than the
one proposed by Larsen.

Summarizing this section, the theoretical investigations reported in
literature for the Hydrogen solubility in the eutectic (or close to eutectic)
Pb-Li solutions fix the value of the corresponding Sieverts’ constant
around 10− 6-10− 7 Pa-1/2 and indicate a rather small dependence on
temperature. This preliminary, theoretical result, though still qualita-
tive, can anyway constitute an additional parameter to assess the
soundness of the experimental results later reported.

4.5.1.3. The unit of measurement of the Sieverts’ constant. As stated in
the previous section, the unit of measurement of the Sieverts’ constant
corresponds to a concentration divided by the square root of a pressure.
By looking at the many values reported in literature for this constant, it
is common anyway to find different ways to express it, because some-
times pressure is expressed as [Pa], sometimes as [torr], sometimes as
[bar] … and similarly the concentration is expressed both as [mol m− 3]
and as molar fraction (dimensionless number or [appm]). To complicate

Table 9
Density and conversion coefficient at selected temperature values. Sieverts’
constant expressed as [mol m− 3 Pa− 1/2] must be divided by the corresponding
coefficient to be converted to [Pa− 1/2].

T [K] 508 600 700 800 900 997

PbLi density [Kg m− 3] 9957 9844 9722 9599 9476 9356
Conv. Factor [mol
mol− 3]

56654 56010 55311 54612 53913 53234

Table 10
List (in chronological order) of significant Sieverts’ constant values reported so far in literature [90,94].
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the comparison of the different values, some of the oldest works in
literature even report the Sieverts’ constant as the reverse quantity of
the currently accepted one (relation (41) of this report), i.e. as the square
root of the gas pressure divided by the Hydrogen concentration in the
liquid solution, and this of course is accompanied by a reverse unit of
measurement and by a complication in visualizing the current trend of
the constant with the temperature.

To avoid confusion, in this paper the employed unit constant will be
only [Pa− 1/2]. It must be noted that to convert from [mol m− 3 Pa− 1/2] to
[Pa− 1/2] there is not fixed multiplicative coefficient. This is because the
molar concentration [mol m− 3] depends of course, not only on the
amount of Hydrogen solubilized in the Pb-Li solution, but also on the
volume of the solution, which varies with temperature. Therefore, the
knowledge of the solution volume variation with temperature (or, which
is the same, of its density) is necessary to make the correct conversion at
each specific temperature.

In order to convert [mol⋅m− 3] to molar fraction (neglecting the mass
effect of the few solved hydrogen atoms and the possible evaporation of
the solvent atoms at the higher temperatures) it is necessary to divide
the former unit by the solvent density (ρ) and to multiply it by its molar
mass (0.17576 kg mol− 1 for the exact Li15.7Pb84.3 composition). Previ-
ously, in this document, we selected equation (20) as the most accurate
for the evaluation of the eutectic density variation with temperature:

ρ [Kg m− 3] = (10581.8 ± 35.5) – (1.229 ± 0.027) ⋅ T (valid for 508 ≤ T
≤ 997 K) (20)

By employing the above equation, it is possible to obtain the correct
conversion coefficients at each temperature. Some of them are reported,
as examples, in Table 9.

4.5.1.4. Differences in the solubilities of the hydrogen isotopes. For the
application of Pb-Li as breeding blanket, what is actually important is
the knowledge of the 3H solubility inside the metallic liquid alloy.
Anyway, disposing of and handling 3H in a common lab setup is quite
complicated, because of its low availability (and consequently high cost)
and the relevant safety issues it poses. Therefore, until now, the inves-
tigation of hydrogen solubility in Pb-Li has been based on the study of 1H
or sometimes 2H behaviour, while 3H has been employed in a very few
cases, even if in a close future new facilities are expected to focus their
experimentation on the heaviest isotope [87].

Some small difference would actually exist in the different isotopes
solubilities and in the related Sieverts’ constants, yet it must be high-
lighted that this isotopic effect surely constitutes a very small contri-
bution with respect to the large discrepancies (orders of magnitude)
reported until now in the measured constant’s values. From a theoretical
point of view, even if an exact description of the system would require
the very deep knowledge of the Pb-Li-H system, it is possible to quali-
tatively expect that the solubility would decrease a bit with the
hydrogen nucleus mass, considering that in the gas phase the stability of
the diatomic hydrogen molecule increases with the mass of its nuclei,
while a similar isotopic effect in the liquid Pb-Li phase results less pro-
nounced. In this regard, the experimental comparison made by Reiter
[88] reported for 2H a Sieverts’ constant value ~ 3.5 % smaller than for
1H in the same conditions.

In view of this trivial difference, we will list and consider all the
experimental Sieverts’ constant values in literature, regardless of the
type of Hydrogen isotope they were describing: other aspects, certainly
not the isotopic effect, must be responsible for the large uncertainty still
affecting the value of this constant.

4.5.2. Sieverts’ constant data from literature

4.5.2.1. General overview of the experimental works. A list of the most
significant experimental works that, during the last decades, determined
Hydrogen Sieverts’ constant in eutectic (or near eutectic) Pb-Li liquid

solutions is reported in Table 10. Each of them is synthetically described
by the date (in chronological order), the first author name, the employed
measurement technique, the investigated Pb-Li composition (Li mol
fraction), the operative temperature and pressure values and, of course,
the achieved KS value(s) and/or the trend of KS with temperature. All the
KS values have been expressed as [Pa− 1/2], implying that the concen-
tration of solved Hydrogen is in term of molar fraction; to get the ho-
mogeneity of the units of measurement, in some cases it has been
necessary to perform a conversion of the concentration and/or the
pressure original units, according to the observations made in section
4.5.1.3. It is immediate to note the large discrepancy in the achieved
values of KS, which spread over a range of 4 order of magnitudes, from a
minimum of ~10− 10 to a maximum of ~10− 6 Pa− 1/2.

The possible causes of so big differences may be.

a. The differences in the real compositions of the investigated samples.
This doesn’t mean only the formal Li molar fraction declared by the
author (and indicated in the 4th column of Table 10), but includes
also the preparation procedure of the eutectic alloy starting from the
2 metals and the accuracy (of the author) in verifying it. It is true that
the differences in Li concentrations are small (a few %), nonetheless
we know that, due to the quite dissimilar solubility of Hydrogen in
Lead and Lithium, they can produce on the Sieverts’ constant a larger
effect than on any other property previously described in this paper.
Additionally, the purity of the sample, i.e. the presence and the
relative amounts of elements other than Li e Pb, may add a not
negligible effect on the Hydrogen solubility: the presence of Oxygen,
for instance, would increase the Hydrogen uptake.

b. The differences in the experimental setup and technique employed
by the authors to measure it. In this regard, the techniques can be
divided into 3 main categories: absorption, desorption and perme-
ation. In the 3rd of column of Table 10, for an easier visualization,
each different technique has been written with a different colour.

c. Finally, it must be also highlighted that every experiments aimed at
determining the solubility of Hydrogen in a condensed phase sample
(and not only in this specific case of a Pb-Li sample) requires always a
big care in properly considering also the possible Hydrogen ab-
sorption/desorption on/from the materials the apparatus is made of,
as well as the possible leaks of Hydrogen outside, and that pressure
and temperature values must be precisely acquired. For this reason,
employed equipment materials must be characterized by a minimal
hydrogen absorption and permeation; additionally, a ‘blank cali-
bration’ of the apparatus must be preliminarily conducted in order to
evaluate the response of the measuring system in absence of the
sample. All these aspects, if not properly managed, could generate a
difference in the Sieverts’ constant results as well. Unfortunately,
often the numerical details of these preparative phases are not re-
ported in the paper, so it is not possible to verify if correct numbers
have been employed by the author.

Despite the big differences in the shown values of KS are certainly
discouraging, it is possible anyway to reduce to some extent the un-
certainty around this constant, by analysing in details the 3 different,
employed measurement techniques: this is discussed in the next section.

4.5.2.2. Differences in the employed measurement techniques. The quan-
tification of Hydrogen concentration in a Pb-Li liquid solution would
result conceptually easy if an electrochemical sensor, specifically se-
lective only to Hydrogen element or ion, would exist. Unfortunately,
such a sensor is not available yet, even if several research activities are
today being conducted with the goal of developing and characterizing a
device like this. Therefore, up to now, the quantification of Hydrogen
concentration in the eutectic solution has been achieved only indirectly,
in all the three main techniques already mentioned (absorption,
desorption, permeation).
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For what concerns the absorption and the desorption techniques,
both of them are able to quantify the amount of Hydrogen solved in the
eutectic liquid Pb-Li by the difference between a starting and a final gas
phase situation, i.e. by the variation, during the experiment, of the H2
pressure in the gas phase (which decreases in the absorption experiment,
while increases in the desorption one): for the calculation it is of course
necessary to know also both the gas phase volume and its temperature.
To get the Sieverts’ constant value, assumptions are needed both in the
absorption and the desorption techniques, but those which underlie the
desorption case are certainly less solid, as below detailed.

In the absorption technique, the test cell containing the Pb-Li
sample is preliminarily evacuated in order to remove volatile impu-
rities from the sample, including preabsorbed Hydrogen: at the end of
this step, Hydrogen is assumed to be 0 in the gas phase and, conse-
quently, in the liquid solution phase. This is the first assumption, which
is anyway reasonable, since the possible residues of Hydrogen are surely
minimal with respect to the amount later introduced inside the system.
Then the test cell is suddenly (in few seconds) filled with Hydrogen up to
a known, measured Hydrogen pressure, which represents the starting
situation of the experiment: henceforward, due to the solubilisation in
Pb-Li, H2 pressure will go decreasing until a final constant value is
achieved (end of the experiment). The main assumption in this kind
of procedure is hence that during the few seconds of pressurization
with Hydrogen, no Hydrogen dissolution inside the liquid solution
takes place, so that the maximum detected gas pressure corresponds to
the total amount of introduced Hydrogen. This way, indicating the
starting and the final H2 pressure in the gas phase respectively as P0 and
Pend, from the mass conservation in the two-phases system it is possible
to get the value of KS as:

KS
[
mol m-3 Pa-0.5

]
=

2
RTgas

Vgas
VPb-Li

P0 - Pend
P1/2end

(47)

The desorption experiments requires instead a starting value of
Hydrogen concentration in Pb-Li different from 0, being instead H2
pressure in the gas phase equal to 0. In order to indirectly know the
concentration in Pb-Li, it is necessary at first to perform an Hydrogen
absorption step, at the end of which the equilibrium condition between
residual Hydrogen in the gas phase and in the Pb-Li solution is estab-
lished. Indicating the value of the corresponding Hydrogen pressure as
P0, its corresponding concentration in Pb-Li, Co, will hence result:

C0=KS ⋅ P01/2 (48)

which, for the moment is unknown, but is related through KS to the
known (measured) P0 value.

At this point, the test cell is suddenly evacuated (high/ultra-high
vacuum) to reduce the value of Hydrogen pressure very close to 0; this
corresponds to the start of the experiment. The assumption here is that
the evacuation procedure may result so fast not to change the
Hydrogen concentration in Pb-Li solution, as if, during the evacua-
tion phase, no mass transfer between the 2 phases occurred. Then, once
the gas pressure has fallen down to 0, the system is isolated from the
pumping system and Hydrogen starts desorbing from the liquid Pb-Li:
Hydrogen pressure increases, until a new equilibrium condition is ach-
ieved, defined by a constant pressure value, Pend, and by a corresponding
concentration Cend in solution, given by:

Cend=KS ⋅ P1/2end (49)

Considering the hydrogen mass conservation in the two-phases sys-
tem, it is possible to calculate the value of KS this time as:

KS
[
mol m-3 Pa-0.5

]
=

2
RTgas

Vgas
VPb-Li

Pend
P1/20 − P1/2end

(50)

If, from the calculation point of view, this measurement technique is
as easy as the absorption one, anyway the aforementioned assumption

about the fast system evacuation seems not too good: it would be exact if
the evacuation time was 0, but, since pressure goes to 0 asymptotically
and the speed of evacuation depends on the real power and features of
the pumping system, evacuation time results not negligible (it is not
always indicated in literature, but it is of the order of several tens of
seconds; Fauvet [91], for instance, reported 35–50 s in its experiments).
During this time, some Hydrogen could actually be pumped away from
the first layers of Pb-Li and it would not be considered in the following
mass balance, affecting the correct numerical evaluation of the Sieverts’
constant. More precisely, the desorption of Hydrogen already during the
evacuation step would lead to a Pend value minor than the theoretical
one, hence, according to equation (50), to a smaller Sieverts’ constant.

Moreover, another issue of the desorption technique is that it
generally requires vacuum conditions more pronounced than the ab-
sorption one. In these vacuum (≪ 1 Pa) and temperature (>500K)
conditions, metals volatility cannot be ignored at all; in particular, being
Li more volatile than Lead [98], it would evaporate preferentially from
the solution (in terms of numbers of atoms), so its molar fraction here
would be reduced with the respect to the original one. As stated in
section 4.5.1.2, a smaller Li concentration would translate into a smaller
Sieverts’ constant.

For all these reasons, we expect that desorption experiments could
underestimate the Hydrogen solubility in eutectic Pb-Li; not by chance,
Sieverts’ constant determined by the desorption experiments, especially
the oldest one, generally result significantly smaller than those by the
absorption experiments (see Table 10). Only Katsuta [89] determined a
value in decent agreement with those by absorption, but it must be noted
that his procedure, not exhaustively described in his paper, was anyway
a bit different from the usual desorption ones, because it entailed also an
additional intermediate step, consisting in quenching the sample to
room temperature (hence to solid state) after the equilibration phase
and before the start of the desorption step.

Regarding the Sieverts’ constant measurement through the perme-
ation technique, there is not a good intrinsic agreement among the
different values reported by the many authors (from 10− 10 to 10− 7),
even if, on the whole, it can be said they are generally smaller than those
achieved through the absorption technique (see Table 10). Without
entering the complex details of each specific work, the general feature of
the permeation technique is that, differently from the other methods
previously described, the Sieverts’ constant here is calculated not from

Fig. 18. KS values achieved in the experiments by Aiello [92]*
* Reprinted from Fusion Engineering and Design, 81, A.Aiello et al., Determi-
nation of hydrogen solubility in lead lithium using sole device, 639–644,
Copyright (2006), with permission from Elsevier.
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the ratio of quantities in equilibrium condition at the end of the exper-
iment, but from ‘transient curves’, i.e. as one the fitting parameters of an
ensemble of kinetic equations. The permeation process is constituted by
a series of sequential steps (Hydrogen gas entering the measuring cell
from the bottom; Hydrogen absorption on the bottom surface of the
plate supporting the liquid Pb-Li, generally made of α-Fe; diffusion
through the α-Fe plate; mass equilibrium at the α-Fe/Pb-Li interface;
hydrogen diffusion through the Pb-Li sample layer; H2 desorption from
the top of the Pb-Li sample to the above volume; purging out, from the
top, of the desorbed H2), therefore it is clear that the large number of
equations and assumptions/boundary conditions that underlie them can
negatively affect, in terms of accuracy of the results, the constant
determination. Also, it must be underlined that, in a dynamic experi-
ment, thermodynamic equilibrium conditions are not established, while
a stationary state is achieved (corresponding to the equality of the rates
of the many steps) and this can sometimes lead to a wrong description of
the system.

Being therefore the absorption experiments those affected by the
smaller level of approximation in the system description, they are sup-
posed to lead to the more accurate evaluation of the hydrogen solubility.
Additionally, most of the absorption experiments listed in Table 10
investigated Pb-Li alloy samples with a composition equal or very close
to the real eutectic one, while reported desorption/permeation experi-
ments are related to a higher Lithium concentration (16.8–17 at.%).
Therefore, the outcome of the absorption experiments is considered the
most trustable one and will be detailed more in section 4.5.2.3.

A final general consideration regarding the absolute values of the
Sieverts’ constant: even considering the maximum values reported in
Tables 10 and i.e. approximately 10− 6 Pa− 1/2 (Katsuta [89]), and
calculating the corresponding Hydrogen concentration in equilibrium
even with a high gas pressure (of the order of 105 Pa), we get the value of
~300 appm, which is lower than the minimum one required to produce
LiH precipitation in pure liquid Lithium at 200 ◦C, i.e. 437 appm [80].
Since we know that Lithium activity in eutectic Pb-Li is quite smaller
than in the pure alkali metal, we can be even more sure that no solid
phase forms inside the system and that hydrogen only moves between a
gas and a liquid phase.

4.5.2.3. Some considerations about the values of KS from specific absorp-
tion experiments. In 2006 Aiello [93] employed the SOLE device to
perform, through the absorption technique, the KS measurement of a
Pb-Li sample characterized, for the first time, by the correct eutectic
composition (xLi = 0.157). The SOLE device was constituted by the
solubilisation chamber and by the liquid solution charging and dis-
charging system; the internal surface of the apparatus, made of stainless
steels, was covered with a layer of Tungsten (W) deposited through the
Plasma Vapour Deposition (PVD) process, in view of the very low sol-
ubility and permeability of Hydrogen in this transition metal. The level
of contaminants in the Pb-Li sample was evaluated to be lower than 0.1
wt%.

Several measurements were performed, changing the starting H2
pressure (in the range 2.06–8.38 kPa) and the Pb-Li temperature (in the
range of 623–903K); the totality of the KS values so achieved [mol m− 3

Pa− 1/2] is graphically shown in Fig. 18.
Considering, for each temperature, the average of all the corre-

sponding KS values, the author inferred the correlation, which, after
converting the unit of measurement, becomes:

KS [Pa− 1/2] = 4.3⋅10− 6⋅ exp (− 1546/T) (51)

Actually, the experimental points seems rather scattered with respect
to the fitting curve defined by this equation: it would also seem that
there is no a sure monotonic trend with temperature, but that the
maximumKS value was located around an intermediate temperature. So,
we keep as good from this experimentation only the range of the KS
values (~2–10 ⋅ 10− 7 Pa− 1/2) and its rather small variation with
temperature.

This range of values is in good agreement with the one indicated by
Kumar [95], who investigated Pb-Li samples with a (verified) Li molar
fraction of ~0.15 and employing an apparatus made of quartz (low
permeability to Hydrogen), both its reaction chamber and its sample
holder. Here again, it seems that the KS value decreases (or at least in-
creases more) with temperature after reaching a maximum at around
400 ◦C (see Table 11): due to this not monotonic trend, the author didn’t
propose a KS vs T correlation.

In 2015 Alberro [96] evaluated the Sieverts’ constant employing
both the absorption and the desorption techniques on the same Pb-Li
sample; in his setup, the ultra-high vacuum (10− 7 Pa) was obtained by
means of two pumping units (comprising a turbomolecular and a
two-stage rotary pump each), which allowed to reduce somehow the
duration of the depressurization (pumping out) step. Differently from
the previous experiments, after loading the gas inside the sample cell he
didn’t wait the establishing of a constant (minimal) H2 pressure before
starting the evacuation step: he modelled instead the pressure evolution
during the loading step through the Fick’s laws, i.e. with a kinetic
equation depending on both the hydrogen solubility and its diffusivity in
Pb-Li; these quantities were then obtained through a non linear least
squares fitting routine (absorption measurement). Similarly, by fitting
the kinetic equation describing the gas pressure evolution during the
hydrogen release step, he got hydrogen solubility and diffusivity related
to the desorption experiment.

The main outcome of Alberro work is that ‘absorption’ and
‘desorption’ Sieverts’ constant values this time are very similar, and for
this reason he didn’t described them separately, but proposed a unique
correlation holding for all of them, which, after converting the unit of
measurement, becomes:

KS [Pa− 1/2] = 1.54⋅10− 7⋅ exp (− 108.3/T) (52)

Here we can see the even more smaller dependence on temperature with
respect to equation (51) and to Kumar values. In fact, according to
equation (52), KS would result almost constant, increasing from
1.25⋅10− 7 Pa− 1/2 to only 1.37⋅10− 7 Pa− 1/2 in the investigated range of
temperatures (523–922 K).

Alberro values are on the whole slightly smaller than Aiello’s and
Kumar’s ones. In this document, they are actually considered a bit less
trustable then the 2 previous ones, because the sample was here inves-
tigated starting from a not equilibrium situation and the assumptions
which underlie the kinetic modelization are not always fully convincing;
mostly, the author himself reported that, due the exposition to the ultra-
high vacuum conditions, the Pb-Li sample decreases its mass by a few %
after the experiment execution. Taking into account that the volatility of
Lithium is relatively greater than Lead one, the occurred evaporation
would have increased the Lead content in the liquid alloy, decreasing
therefore the Sieverts’ constant value. This could justify the smaller
values reported by Alberro; which, in any case, are characterized by the
same order of magnitude of Aiello’s and Kumar’s.

Due to the discussed lack of trustable values, today the topic of
Hydrogen Sieverts’ constant in eutectic Pb-Li is still under investigation
and new experiments are being conducted to improve the accuracy of
the measurement. Within them, the device HyPer-QuarCh II must be
mentioned [97,99]. This device features a crucible for the sample made
of Tungsten and a test section realised in quartz; quartz is interfaced to
metal through KF connections and an upper flange hosting 3 sleeves,
with grooves which house nitrile rubber O-rings. The most relevant
aspect of HyPer-QuarCh II are anyway the crucible heating system,

Table 11
KS values reported by Kumar at different temperatures [95].

T [◦C] 300 350 400 500

KS [Pa− 1/2] 2.35 ⋅ 10− 7 4.43 ⋅ 10− 7 4.49 ⋅ 10− 7 4.41 ⋅ 10− 7
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which is based on a 500W Infrared collar made of quartz with a gold
shielding for the radiation collimation, and which results extremely
efficient; and the short evacuation time (preliminary to the start of the
desorption experiment), which is reduced to only 8s (and in future, with
further improvements, could be reduced more), thanks to the employ-
ment of a Pfeiffer ACP 15 dry roots pump instead of a turbomolecular
pump; the latter, requiring a smaller initial pressure gradient hence an
additional backing pump to operate, on the whole needs more time to
generate a stable vacuum condition.5

Up to now, only 1 temperature (573K) and 1 pressure (2.5 kPa) have
been investigated with HyPer-QuarCh II. The interesting outcome of this
first experimentation is that the Sieverts’ constant measured through the
absorption technique (4.16⋅10− 7 Pa− 1/2) is quite similar to the one ob-
tained through the desorption one (3.18⋅10− 7 Pa− 1/2), witnessing that
the Hydrogen loss from the Pb-Li sample during the long evacuation step
surely was one of the most important reasons of the different results,
obtained in the previous decades, between the 2 measurement tech-
niques. Additionally, it must be noted that the values obtained through
HyPer-QuarCh II are also similar to those by Aiello and Kumar.
HyPer-QuarCh II experimentation has just started, so additional

temperature and pressure conditions are expected to be dealt with in
close future papers. For the correct evaluation of the Sieverts’ constant
value, it should however be explained better which is the true value of
the gas phase temperature to put in the calculation equations, since
actually the HyPer-QuarCh II test cell is not isotherm, but characterized
by a temperature decreases from the bottom (interface with the Pb-Li
liquid alloy: it defines the temperature of the experiment) to the top
(~348 K on the steel flange).

4.5.3. Range of trustable Sieverts’ constant values
At the end of this wide section about the Hydrogen Sieverts’ constant

in eutectic Pb-Li, it isn’t yet possible to indicate an exact, trustable
correlation to calculate its value at a specific temperature. It has been
anyway shown that measurements based on absorption techniques are
affected by minor approximations in the calculation procedure than
other techniques, therefore they are able to produce more accurate re-
sults; moreover, results through the absorption technique are also
intrinsically closer each other.

From the reported experimental evidences, it’s therefore at least
possible.

- to attribute to KS a value in the range of 2–4 ⋅10− 7 Pa− 1/2 at the
temperature of 573K;

- to highlight the small variation of KS with temperature. The mono-
tonic trend at the moment is not sure, anyway in no case the
maximum value reached by KS (for temperatures up to 903K) should
exceed 10− 6 Pa− 1/2.

The soundness of the values above indicated is also confirmed by the
good agreement with the outcome of the theoretical estimations dis-
cussed in section 4.5.1.2. In this regards, it must be also noted that very
smaller KS values, of the order of 10− 9 Pa− 1/2 or even 10− 10 Pa− 1/2, like
those coming from some old measurements based on desorption or
permeation techniques, appear surely not reasonable, since they would
suggest that the hydrogen solubility in Pb-Li is even smaller than in pure
Lead.

In order to further reduce the uncertainty around the value of KS and
its variation with temperature, additional ‘desorption’ experimentation
should be conducted in future, in which all the already considered as-
pects (testing and qualification of the chemical composition of the

Table 12
Selected correlations and related features for the investigated thermophysical
properties of liquid PbLi eutectic solutions.

Specific heat
Unit of measurement: J g− 1 K− 1

Selected correlation: cp = 0.2009–2.806 ⋅ 10− 5 T + 7.343 ⋅ 10− 9 T2

Range of validity: 508–1000 K
Description: New correlation, obtained through the optimized,

theoretical analysis of the experimental data reported
by Schulz in 1986 [43].

Estimated accuracy and/
or precision:

The original data by Schulz were characterized by a
relative std dev. Equal to 3 %. The selected correlation
perfectly suits (R2 = 0.9997) the recalculated
experimental points.

Notes/conclusions: Despite the experimental works that investigated the
specific heat are actually a few, its value changes
scarcely with temperature and composition, therefore
there is no real need for a new, additional
experimentation.

Density
Unit of measurement: Kg m− 3

Selected correlation: ρ = (10581.8 ± 35.5) – (1.229 ± 0.027) T
Range of validity: 508–997 K
Description: Correlation proposed by Khairulin in 2016 [55] and

based on the investigation through the penetrating
γ-rays technique.

Estimated accuracy and/
or precision:

The maximum uncertainty associated to the density
value is calculated as ~0.67 % in relative terms.

Notes/conclusions: The proposed correlation is supported by a solid
experimentation, is well described and is characterized
by a low numerical uncertainty, therefore there is no
real need for a new, additional experimentation.

Volumetric thermal expansion coefficient
Unit of measurement: K− 1

Selected correlation: β =
1

8610 - T
Range of validity: 508–997 K
Description: Correlation obtained through the simple mathematical

transformation of the correlation selected for the
density.

Estimated accuracy and/
or precision:

The maximum uncertainty associated to the density
value is calculated as ~2.3 % in relative terms.

Notes/conclusions: The soundness of this correlation is the same of the
correlation for density, therefore there is no real need
for a new, additional experimentation.

Thermal conductivity
Unit of measurement: W m− 1 K− 1

Selected correlation: λ = 0.71 + 0.0291 T–1.064 ⋅ 10− 5 T2

Range of validity: 508–1273 K
Description: Correlation proposed by Agazhanov in 2020 [61] and

based on the investigation through the laser flash
method.

Estimated accuracy and/
or precision:

The relative error estimated and declared by
Agazhanov is in the range 4–6% (it increases at higher
temperature).

Notes/conclusions: It is not easy to experimentally measure the thermal
conductivity, because the experiment must be
conducted in dynamic conditions and heat losses to the
environment are hard to accurately estimate. In view of
this, the accuracy of the proposed correlation is
considered satisfying. Moreover the soundness of the
proposed correlation is strengthened by the perfect
internal coherence with the correlation selected for the
electrical resistivity, according to the resulting Lorenz
number.

Thermal diffusivity
Unit of measurement: mm2 s− 1

Selected correlation: α = 0.208 + 0.0160 T–4.405 ⋅ 10− 6 T2

Range of validity: 508–997 K
Description: New correlation, analytically obtained from the above

selected correlations for the Specific Heat, the Density
and the Thermal conductivity.

Estimated accuracy and/
or precision:

The relative uncertainty is estimated as ≤ 7 %

(continued on next page)

5 The first HyPer-QuarCh II configuration was actually based on a turbomo-
lecular pump supported by a backing pump: with such a configuration, around
1 min was necessary to evacuate the test cell before the desorption step could
start.
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investigated Pb-Li eutectic sample; minimization of the sample
contamination during its handling; ‘blank’ correction; determination of
the operative parameters – temperatures, pressures, volumes) should be
implemented more and more accurately. Additionally, it could be also
useful to conceive and conduct an in-depth experiment, based on the
execution of several, sequential steps of Hydrogen adsorption by the
same sample and at the same temperature, i.e. according to the scheme.

a. Evacuation of the test vessel containing the liquid eutectic solution;
b. First introduction of a measured amount of gaseous Hydrogen in the
test vessel;

c. Adsorption of Hydrogen by the liquid solution, gas pressure decrease
and stabilization;

d. Calculation of KS from the stabilized pressure value;
e. Second introduction of a measured amount of gaseous Hydrogen in
the test vessel (maybe the same amount of step b)

f. Replication of steps c-d-e, and so on, several times.

This way it could be possible to construct a plot of the adsorbed
Hydrogen amounts against the introduced ones, and from its fitting to
get additional info on the answer of the system. For example, if the
intercept resulted ∕= 0, it could indicate the existence of some external

contribution (negative or positive) to the measured, stabilized Hydrogen
pressure, and this could be due in turn to the desorption/adsorption of
Hydrogen from/on the wall of the apparatus or to possible leaks; simi-
larly, strange slopes could also indicate the inaccuracy in determing the
parameters entering the calculation (P ⋅ V/T).

Mostly, the future, possible, availability of specific (electrochemical)
sensors able to directly quantify the amount of Hydrogen solved in the
Pb-Li solution would certainly permit to significantly improve the
knowledge of the Pb-Li-H system.

5. Conclusions

The analysis of the numerous papers retrieved in literature has
permitted to optimize the description of the Pb-Li systems. Starting from
the phase diagrams and the many PbxLiy compounds in solid phase, the
attention has been then focused on the Pb-Li liquid solutions, particu-
larly the one corresponding to the exact eutectic composition, i.e.
Pb84.3Li15.7. The theoretical modelization of these liquid solutions has
highlighted their non ideality, as indicated by the measured/calculated
values of the Excess Mixing Entropy and Enthalpy, the Short Range
Order parameter (SRO), the molar volume, the metals activity … It has
been hence possible to conclude that a partial ionic interaction is
established in solution between the hetero-metals, with the electronic
density localized closer to the Lead atoms and the formations of poly-
atomic clusters.

All this description has been useful to rationalize the behaviour of the
Pb-Li solutions and to qualitatively evaluate the values of many of their
chemical and physical properties, also allowing to foresee their varia-
tions with temperature and with small composition shifts. This has
permitted to dispose of additional criteria to rank the soundness of the
different correlations reported in literature and, when the exact eutectic
composition hadn’t been investigated yet, to calculate the best corre-
lation for it from the experimental data related to the closest available
composition.

The other criteria adopted to qualify each experimental work
described in literature have been: the validity of the employed experi-
mental setup and the working procedure; the intrinsic results goodness;
the closeness of the experimental conditions to the Pb-Li working con-
ditions in the blanket; the distance of the set of values collected in a
specific experiment from the average of the whole data ensemble and
the explanation given by the author to justify why his results differ from
the others’. Adopting all the above criteria, it has been possible to find
out the best correlations to describe the following thermophysical
properties of the liquid eutectic solution: the specific heat, the density,
the volumetric thermal expansion coefficient, the thermal conductivity,
the thermal diffusivity, the electrical resistivity and the Sieverts’ con-
stant of Hydrogen. When a sufficiently trustable correlation couldn’t be
selected, a new, optimized one, has been proposed or, in case of the
Sieverts’ constant, a restricted range of trustable values has been at least
indicated.

Each of the aforementioned properties has been detailed in the cor-
responding section of this document; anyway, to make easier and faster
the consultation of the results, a synthetic outcome of the whole work is
reported in Table 12.
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Table 12 (continued )

Notes/conclusions: This correlation follows straight from the previously
reported ones and it is considered as trustable as them.
If the best thermal conductivity correlation will be
updated in future by the outcome of new
experimentations, the correlation for the thermal
diffusivity should be updated accordingly, keeping the
same ones for Specific Heat and Density, which result
satisfactorily accurate.

Electrical resistivity
Unit of measurement: μΩ cm
Selected correlation: ρel = 101.28–6.380 ⋅ 10− 3 T + 4.211 ⋅ 10− 5 T2

Range of validity: 600–800 K
Description: New correlation, analytically obtained by adapting the

Hubberstey experimental data [71] to the Lithium
molar fraction exactly equal to 0.157.

Estimated accuracy and/
or precision:

It is not possible to associate to the above equation an
intrinsic accuracy, because it follows from the original
experimentation made by Hubberstey, who only
declared the maximum admitted temperature
uncertainty (±1K), but didn’t evaluate all the possible
sources of errors and of their propagation.

Notes/conclusions: A direct measurement of the real eutectic sample
should be executed in future, to confirm the correlation
here proposed and to evaluate its trustability; the
temperature range of validity should be extended as
well. In any case, it worth’s noting that this correlation
assures a perfect internal coherence with the
correlation selected for the thermal conductivity,
according to the resulting Lorenz number.

Sieverts’ constant
Unit of measurement: Pa− 1/2

Selected correlation: No specific correlation selected for KS. It is possible for
moment to define only its order of magnitude:
KS ~ 2–4 ⋅ 10− 7 at 573K; KS ≤ 10− 6 in the temperature
range up to 903K

Range of validity: 573–903 K (only for the order of magnitude)
Description: The order of magnitude of KS is extracted from the data

reported by [92,95,97]
Estimated accuracy and/
or precision:

In lack of a specific correlation, it’s not possible to
estimate it.

Notes/conclusions: The Sieverts’ constant is the only thermophysical
property of this document for which a unique, trustable
correlation cannot be proposed yet. Additional
experiments are hence needed to overcome this issue.
Many working group are therefore presently keeping
investigating it, employing more and more accurate
setups and calculation procedures.
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