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Abstract

Lead-bismuth alloys are under intense consideration as target material of spallation sources. The thermohydraulic design of such a
target or related coolant systems requires a reliable data basis regarding the temperature dependent physical properties of such alloys. We
present measurements of the electrical conductivity and thermoelectric power up to about one hundred degree above the melting point
for various alloy compositions. For the eutectic alloy, the measurements were performed up to much higher temperatures including, in
addition, viscosity, thermal conductivity and surface tension. A comparison with data and scaling relations available in literature is

given.
© 2007 Elsevier B.V. All rights reserved.

PACS: 65.20.+w; 66.20.+d; 72.15.Cz

1. Introduction

Lead-bismuth alloys are of recent interest for spallation
neutron targets [1-3]. Various target designs are under con-
sideration including the set-up and instrumentation of
related liquid metal loops [2,4,5]. Obviously, for the design
of such targets a reliable knowledge of relevant alloy
properties is mandatory. Investigations on different alloy
characterizations are, therefore, a continuous and recent
subject of research [6-9].

The physical properties, such as density, viscosity, ther-
mal and electrical conductivity or specific heat, are of direct
relevance for the thermohydraulic design of a Pb—Bi target
and the related liquid metal loop. Several reviews of those
data exist. Former measurements performed in Russia have
been summarized in the book of Kutateladze et al. [10].
Cevolani and Tinti [11] performed in 1998 a literature
review resulting in suggested temperature scalings, which
are often used meanwhile. The recent paper of Morita
et al. [12] presented data mainly on density, the vapor pres-
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sure curve and the vapor equation of state, but included
also some literature data on thermal conductivity, viscosity
and surface tension. Due to the recent interest in Pb-Bi
targets, further literature reviews of the interesting material
data exist, see for instance the report [13] or very recently
the review of Sobolev [14]. However, the discrepancy
between the reported results, different investigated temper-
ature ranges, and sometimes a very limited number of mea-
suring points require new precise measurements in order to
obtain reliable data on the temperature dependence of the
above mentioned thermophysical properties over a wide
temperature range.

In the present paper, new measurements are reported on
the electrical conductivity, the thermopower, the viscosity,
the thermal conductivity, and the surface tension of the
eutectic Pb—Bi alloy in the temperature range between 400
and 1000 K. Related temperature correlation fits are derived
and compared with those available in literature. In addition,
the electrical conductivity and the thermoelectric power
are given for Pb-Bi alloys of varying compositions. Of
particular interest, thereby is the melting—solidification
range of temperatures, where some hysteresis is observed
depending on the heating—cooling cycles.
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2. Measuring methods
2.1. Electrical conductivity and thermoelectric power

The electrical conductivity, o(7), and the thermoelectric
power, S(T), were measured by a contact method with a 4-
point scheme. According to this scheme the potential drop
U is measured at two electrodes located along a straight
line between the electrodes carrying the electric current 1.
Then, the electrical conductivity is determined by ¢ = Il/
US, where [ is the length and S is the cross-section of the
sample. When it was difficult to determine precisely the
geometric dimensions, ¢ was found from ¢ = IG/U, where
G is the geometrical factor, which has been conveniently
determined by calibration with mercury.

The experiments were performed in an argon atmo-
sphere. Graphite electrodes for current and potential mea-
surements were placed in the wall of the vertical cylindrical
BN-ceramic measuring cell along its vertical axis. The
potential electrodes were provided with thermocouples
for temperature measurements. Single thermoelectrodes
of these thermocouples were used for electrical conductiv-
ity and thermoelectric power determination. The melt tem-
perature was determined by WRe-5/20 thermocouples in
close contact with the liquid. Temperature gradients of 3—
4 K/cm along the cell were additionally controlled to be
within 0.1 K by a preliminary calibrated 5-point differential
thermocouple. The cell construction permits to carry out
the electrical conductivity and thermoelectric power mea-
surements simultaneously in one run. For further details
of this method and its experimental realization we refer
to Ref. [15].

Pure Pb and Bi were melted and evacuated in sealed
quartz ampoules at 10-15Pa. Then each sample was
inserted into the cell directly inside a high-pressure vessel.
Thus, the sample composition was accurate within
0.02 wt%. The resultant error of the electrical conductivity
measurements is about 2%, and about 5% for the thermo-
electric power determination.

2.2. Viscosity

The measurements of the viscosity were carried out
using a computer-controlled oscillating-cup viscosimeter
[16]. Using the Roscoe equation [17], the dynamic viscosity,
n(T), has been calculated from the corresponding logarith-
mic decrement and the period of oscillations. The experi-
ments were performed in helium atmosphere under a
negligible excess pressure of about 0.02-0.03 MPa. The
sample compositions of about 30 g were accurate to
0.02 wt%. Each sample has been weighed before and after
the measurements, and no loss of mass has been observed.
Cylindrical graphite crucibles with internal diameter of
14 mm were used. A homogeneous temperature field up
to 0.3 K in the range of absolute values up to 800 K has
been created inside the furnace. The temperature has been
measured with a WRe-5/20 thermocouple arranged just

below the crucible. The viscosity was measured with an
accuracy of about 3%.

2.3. Thermal conductivity

An experimental arrangement based on the steady-state
concentric cylinder method was used for thermal conduc-
tivity measurements [18]. The apparatus comprises two
coaxial cylinders (stainless steel, BN or graphite) separated
by a gap, into which the melt is poured. A central hole is
drilled in the inner cylinder for an internal heater made
of a molybdenum wire, wound on an alumina form. The
inner heater is used for producing the necessary tempera-
ture gradient in the investigated melt layer. The cell is
closed by a BN cover, which is sealed with a special com-
pound based on a finely dispersed BN powder. The outer
three-section furnace is made of molybdenum wire wound
on a BN form. The outer heater produces an over-all tem-
perature level, and its upper and lower sections permit reg-
ulation of the temperature field over the height of the
apparatus. Tungsten-rhenium WR5/20 thermocouples
were used in the experiments. Two thermocouples placed
in the body of the inner cylinder allow the examination
of the temperature distribution over the radius of the appa-
ratus. The coefficient of thermal conductivity, A(T), can be
calculated from the formula for the heat transfer in a cylin-
drical layer. The design of the apparatus assures a maxi-
mum reduction of the heat leakage and of convection.
The resultant error of thermal conductivity measurements
is about 7%.

2.4. Surface tension

The surface tension was measured using a ‘large drop’
method in the temperature range between 7, and 1000 K.
The method is a modification of the sessile drop method
and allows overcoming problems connected with a large
sessile drop asymmetry [19]. This modification of the sessile
drop technique has two advantages, namely it produces a
large axisymmetric meniscus and can be used with both wet-
ting and non-wetting systems. Besides, a drop enlargement
allows to reduce the experimental uncertainty by almost one
order of magnitude. A circular crucible, which has its upper
circumferential edge chamfered to an acute angle, is over-
filled with fluid, so that an axisymmetric meniscus, with a
diameter exceeding the diameter of the crucible is produced
and stands proud of the rim. The experiments were per-
formed in an atmosphere of 90%Ar + 10%H, after initially
evacuating the working volume of the chamber in order to
avoid sample oxidation.

The temperature has been measured with the WRe5/20
thermocouple placed near the specimen and was kept con-
stant within 1 K. A CCD camera and a computer-con-
trolled equipment were used for determination of the drop
parameters. Based on the Laplace-Young equation, the
surface tension, y(7), was calculated by the Kozakevitch
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method [20]. The surface tension data were obtained with
an accuracy of about 0.5%.

3. Results and discussion
3.1. Electrical conductivity and thermoelectric power

For these measurements, the alloys PbygBigo, PbsoBiso,
and the eutectic composition PbyyBiss (at.%) have been
chosen for investigation. Additional studies were carried
out for the alloys Pb43Bi57, Pb45Bi55, and Pb46Bi54, the
compositions of which are very close to the eutectic one.
One motivation for it consisted in a slight discrepancy in
the reported eutectic compositions, ranging from Pby; ¢-
Bis; 4 to PbysBiss [7,21-23]. In the following, any reference
to a phase diagram of the considered Pb-Bi alloys always
relates to the phase diagrams given in Ref. [21].

The electrical conductivity o(7) and the thermoelectric
power S(T) of the liquid Pby4yBig, alloy are presented in
Fig. 1. A solidification range from 444 K to 411 K has been
revealed. The melting and solidification processes are
accompanied by a hysteresis. Fig. 1 presents the results of
a third melting—solidification cycle. It was found that ther-
mocycling increased the temperatures of the melting com-
pletion as well as of the solidification start, compared to
the liquidus temperature 71 =417 K indicated by the
phase diagram. As confirmed by both the electrical conduc-
tivity and thermoelectric power data, the overheating can
reach almost 40 K. A first small jump on the ¢(7) and
S(T) curves has been observed during melting of the
Pby4oBigg at 402 K. A kink at about 432 K is probably con-
nected with reaching the maximum concentration of the
crystalline phase. This is reflected at the S(7) behaviour
as a sign change of the temperature coefficient of the ther-
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Fig. 1. Electrical conductivity and thermoelectric power vs. temperature
for the PbygBig liquid alloy.

moelectric power (dS/dT). It is suggested that the melting
ends at about 464 K. Beginning from this temperature,
the electrical conductivity is weakly temperature dependent
and decreases with further heating. After melting, the ther-
moelectric power is practically temperature independent.
The cooling S(7) curve almost coincides with the heating
one, but the solidification starts at approximately 444 K.
It should be noted that the solidification temperature deter-
mined from the S(7) data is 396 K, i.e. 2.5 K below the
eutectic melting temperature 7, = 398.5 K.

Thermocycling of the PbsoBisg liquid alloy had no influ-
ence on the liquidus and solidus temperatures (Fig. 2). The
liquidus (423 K) and the solidus (400 K) temperatures were
the same both for melting and solidification. A jump in the
do/dT curve was observed at 413 K. Generally, the o(T)
behaviour is similar to that for pure Pb. No peculiarities
were also observed at the S(7) dependence except for the
undercooling of about 5.5 K below the solidus.

The properties of the eutectic composition PbyyBise are
also similar to those of pure lead (Fig. 3). The electrical
conductivity decreases with increasing temperature, falls
drastically at the melting temperature, 7T;,, then decreases
linearly with further temperature increase. Nevertheless,
an influence of thermocycling is noticeable, and each
following heating shifts the 7, to higher values (up to
5 K). Solidification starts at the eutectic temperature and
its range does not exceed 4-5 K. The influence of thermo-
cycling was also observed in the S(7) curve.

The investigated temperature range for the eutectic com-
position was not limited to the melting—solidification range
but extended to higher temperatures up to 1000 K. As seen
from Fig. 4 the electrical conductivity decreases linearly
upon heating in the temperature range between 7, and
approximately 600 K according to:
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Fig. 2. Electrical conductivity and thermoelectric power vs. temperature
for the PbsoBis liquid alloy.
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Fig. 4. Electrical conductivity and thermoelectric power vs. temperature
for the eutectic PbyyBiss liquid alloy in an extended temperature range and
compared to literature data.

where 6o = 8847.57 Q! cm ™! is the electrical conductivity
at the melting point and do/d7=—-3.69Q 'em 'K ' is
the temperature coefficient of conductivity. The linearity
in this temperature range was also reported in [24-26]. It
is seen in Fig. 4, that a difference between our values and
the higher values from [26] (converted from resistivity to
conductivity) is typically in the range of 5% with a very
similar negative slope. The data from [25] are also slightly
higher, but in better agreement with ours.

Extending the temperature range, we observed some
anomalies in the o(7) curve, which are more evident in
the do/dT =f{T) dependence as shown in the inset of
Fig. 4. Similar peculiarities for the Pb—Bi liquid alloys were
also observed recently [26], but the general run of the a(7T)

curve differs. Such a deviation from linearity at tempera-
tures considerably higher than 7, suggests a structure
inhomogeneity of the melt and requires closer examination,
which is, however, beyond the scope of the present paper.

The temperature dependence of the electrical conductiv-
ity (in units of Q 'cm™') in the extended temperature
range between Ty, and 1000 K can be interpolated by the
quadratic relationship:

o = 8803.41 — 3.5228(T — Ty) 4 9.8112 x 1074(T — T,)".
2)

To a good approximation, the thermoelectric power de-
creases linearly with heating according to

S =8y —8.6671 x 1073(T — T), (3)

where Sy = —0.1076 uV/K is the thermoelectric power at
the melting point.

The results for the near eutectic compositions of Pbys-
Bi57 (Flg 5), Pb45Bi55 (Flg 6), and Pb46Bi54 (Flg 7) are,
actually, close to the eutectic case. A small temperature
‘melting—solidification’ hysteresis has been revealed in the
PbyBis, melt. Solidification of this melt began at approxi-
mately 402 K and came to the end at 390 K. The properties
of the liquid alloys Pb4;Bis; and PbysBiss are very similar
to those of the eutectic one. The similar temperature depen-
dencies of the electrical conductivity and the thermoelectric
power suggest that the solidification processes in both the
eutectic and the near eutectic (within 1-2 at.%) liquid alloys
are almost identical.

Numerous studies are dedicated to melting and solidifi-
cation processes in metal systems [27,28]. It was shown that
only a very slow cooling ensures the equilibrium of the
solidification process. The restriction of the thermodynamic
equilibrium in course of melting—solidification is mainly
determined by a finite velocity of the component diffusion
in the liquid and solid phases. In reality, a restricted
diffusion mass transfer leads to a non-equilibrium solidifica-
tion, and the resulting solid solution is non-uniform in
composition. Note that melting and solidification can be
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Fig. 7. Electrical conductivity and thermoelectric power vs. temperature
for the PbygBis4 liquid alloy.

considered as reversible processes only when they occur in
equilibrium.

Describing the alloys phase transformations one con-
structs often the lines of metastability running below the
liquidus [22]. These lines correspond to the equilibrium
between a liquid and a nucleus in some concentration
region and are located on the extension of the liquidus line
below the eutectic point. There are different ways of eutec-
tic transformations depending on the initial alloy composi-

tion. As shown in Ref. [22], the following processes are
possible:

(1) The first precipitated particles of the solid phase
become the crystallization nuclei for another phase.
In this case the eutectic transformation occurs at
the eutectic temperature.

(2) These first precipitated particles do not become the
crystallization nuclei for another phase, and the melt
is not sensible to them. The particles continue to pre-
cipitate with decreasing temperature below the eutec-
tic temperature, and the liquid composition changes
along the extension of the liquidus line. In this case,
the eutectic transformation occurs below the eutectic
temperature.

Generally, the eutectic transformation occur either at
the eutectic temperature or below it, depending on the
influence of the first precipitates on the second liquid
phase. An increase of the solidification velocity leads to
an enlargement of the undercooling region.

3.2. Viscosity

The dynamic viscosity of the eutectic composition
Pby4Bisg was measured during heating and cooling over a
wide temperature range between 400 and 1000 K in steps
of 5 K. Several experiments with different samples of the
same composition revealed a good reproducibility of the
results. The dynamic viscosity as a function of temperature
is presented in Fig. 8 together with data of other authors.

Fitting the measured viscosity values (in units of mPa’s)
to an Arrhenius equation

(1) =mexp (7 @

where T is taken in K and R = 8.3144 J/K mol is the gas
constant, results in the following fit parameters:
o = 0.5886 and E = 5.845 kJ/mol. This fit is shown in
Fig. 8 as a full line.
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Fig. 8. Dynamic viscosity vs. temperature for the eutectic PbyyBise liquid
alloy, compared to literature data.
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We compare our results with viscosity data collected in
two recent reviews [11,29] as well as from other papers
[30,31]. It turns out that the fit of Cevolani and Tinti [11]

n=2326-626x10"T+4.63 x10°T (5)

always underestimates the viscosity values. The difference is
typically in the range of 10% (about 13% at 500 K and
about 9% at 800 K), but reaches about 25% at the lower
temperature of 7= 400 K. It is worth to note that the pres-
ent results are in a much better agreement with the data
from Kutateladze et al. [10], which were also cited in [11],
but not further taken into account there.

The data from the International Nuclear Safety Center
[29] look more trustworthy because of the described uncer-
tainties and the careful evaluation of the data. Although
the cited data from different sources were in good agree-
ment, only the data from Kaplun et al. [32], fitted by the
Arrhenius equation n = 0.4656 exp (773.2/T) were selected
[29] for the final recommended fitting equation, which is
also of the Arrhenius type: n = 0.49 exp (760.1/7).

The viscosity values based on the ATHENA code calcu-
lations [31] are slightly higher compared to the values from
the equation proposed in [29], but coincide with the data of
Kutateladze et al. [10]. The 5(7) curve obtained in [30] is
more abrupt, but the data agree with those from [29-—
31,10] between 450 and 1000 K within the limits of the
reported experimental errors and are well described by
the Arrhenius equation n = 0.37 exp(7.92/RT).

As mentioned in Section 2, the viscosity measurement
uncertainty of our data is about 3%. The additional uncer-
tainty caused by fitting the data into Eq. (4) is about 2.7%.
The total uncertainty might be estimated as the square root
the sum of the squares of the separate uncertainties, result-
ing in about 4% uncertainty for the finally obtained data
fit. Taking into account the upper and lower limits of all
the reported uncertainties, the present data are in agree-
ment with the data of [10,29-32]. The different slope of
the n(T) curve in [30] in the lower temperature range might
be explained by experimental peculiarities of the measuring
method applied in [30]. Thus, most of the reported viscosity
results are well described by an Arrhenius equation. Only
the relationship proposed in [11] differs.

3.3. Thermal conductivity

The temperature dependence of the thermal conductiv-
ity A(T) was measured in the temperature range from the
melting point up to 1000 K. As seen from Fig. 9, just above
the melting point the present data and the slope are in
agreement with the data reported in Ref. [33]. Beginning
from about 500 K, a deviation from linearity appears,
and the slope of the A(7T) curve changes. At higher temper-
atures the data are very close to those reported in [34,35].

The measurements of Kutateladze et al. [10] indicate
lower values for the thermal conductivity below approxi-
mately 500 K and higher values above this temperature.
The data of [34,36] are higher and the data of [35] are

ALWm'K'
B

O  present
—— [33] lida

—— [10] Kutateladze
—v— [12] Morita

—-6—- [34] Krzizhanowskii
— — - [36] Bienias

—-—- [35] Brown

8 L L L L L
400 500 600 700 800 900 1000
T.K

Fig. 9. Thermal conductivity vs. temperature for the eutectic PbyyBisg
liquid alloy, compared to literature data.

lower. However, the discrepancy falls within the combined
experimental uncertainties of the various measurements
(present — 7% error, [34] — 10% error). Finally, the present
study did not confirm a piecewise linear form of the A(T)
curve as suggested by the ATHENA calculations [31].
The thermal conductivity values resulting from our mea-
surements might be summarized by the following fit:

4 =0.7158 4 0.0233 T — 8.1098 x 10°°7?, (6)

where 2 is in units of Wm ' K~! and the temperature
is in K.

3.4. Surface tension

Surface tension measurements of the molten eutectic
PbyyBiss were performed between the melting point Ty,
and 1000 K. The surface tension data vs. temperature
(T are shown in Fig. 10 together with data for pure Pb,
Bi and results of previous studies [12,37-42]. Although
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Fig. 10. Surface tension vs. temperature for the eutectic PbyyBise liquid
alloy and for pure Pb and Bi, compared to literature data.
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many authors reported surface tension reference data for
Pb and Bi, the data are often rather contradictory because
of experimental difficulties, the peculiarities of each mea-
surement method employed and a wide scatter in experi-
mental errors (0.1-7%). Even more, the surface tension of
the Pb-Bi melts appears as imperfectly studied (see [37]
and references therein).

Usually the surface tension decreases linearly with
increasing temperature, and can be presented as y = y,—
(%) X (T — Tw), where yy is the surface tension at the
melting temperature Ty, and dy/dT is the temperature coef-
ficient of the surface tension. The data obtained by our
measurements can be interpolated by the relationship:

y = 416.208 — 0.0799 x (T — Ty), (7)

where 7 is in units of mN/m. This relation is very close to
the expression y=413.519 — 0.0801 x (T — 398) reported
in Ref. [37].

As seen from Fig. 10, the present surface tension values
are also close to the data reported in [41,42]. Slight differ-
ences exist to the results of [40,43], but the deviations never
exceed 5%. It is worth to note that almost all results, except
[43], give in a good approximation the same value for the
surface tension temperature coefficient. The calculated
(T) curve [12] as

T 0.8640
y = 453.7 x (1 —7> : (8)

C

where T, =4890 K is the critical temperature, is located
slightly above the experimental data. In general, the exper-
imental studies fit always to a linear temperature depen-
dence of the surface tension of the Pb-Bi eutectic melt.
The present investigation carried out in an extended tem-
perature range confirms this result.

4. Conclusion

Several physical properties of the liquid eutectic alloy
PbBi have been measured in the temperature range from
the melting point up to 1000 K. Corresponding fit relations
have been derived for the electrical conductivity (Eq. (2)),
the thermoelectric power (Eq. (3)), the dynamic viscosity
(Eq. (4)), the thermal conductivity (Eq. (6)) and the surface
tension (Eq. (7)). All properties are compared to available
literature data. In addition, the electrical conductivity and
the thermoelectric power up to about 100 K above the
melting point have been determined also for several com-
positions around the eutectic one. The investigations
revealed the anomalies of the electrical conductivity and
thermoelectric power vs. temperature curves, such as hys-
teresis and heating—cooling curve divergence. The underco-
oling of the melts with compositions shifted opposite with
respect to the eutectic one occurs at different temperatures.
An influence of thermocycling is noticeable for some alloys,
and each following cycle shifts the melting point to higher
values.
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