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Abstract

The control of the impurities is of major interest for ensuring adequate and safe operation of lead alloys facilities

from the viewpoint of the corrosion phenomenon. Specific methods have to be implemented for effective control of the

liquid lead–bismuth eutectic quality to the required specifications, as for instance: dissolved oxygen monitoring, dip

sampling system, analytical techniques for impurities measurement. Even though the oxygen control in the static facility

BIP proved difficult, a better knowledge of kinetics behaviour of the oxygen is acquired. Oxygen sensors gave results in

agreement with the theory during the tests achieved on the BIP and on the COLIMESTA facilities. The dip sampler was

validated on static device: it allows an effective sampling of the liquid metal melt and an easy separation of the melt

from the sampling device when cold. The set of analytical techniques for the measurements of metallic impurities is

efficient as well, except for the nickel element, for which the method of analysis with atomic absorption spectroscopy

coupled with spiking method should allow the lower detection limit to be decreased below the 5 lg/g as for the iron

impurity. � 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Lead and lead–bismuth eutectic (LBE) are studied

worldwide as spallation targets in accelerator driven

system (ADS), in which high energy protons collide with

lead throughout a window to produce 15–20 fast neu-

trons by the spallation reaction. These neutrons might

be used either in sub-critical power reactor systems, that

present an intrinsic safety quality, or in the long-lived

actinides transmutation system in the framework of the

nuclear waste management. The latter option is cur-

rently under study in France within the 1991 law on

nuclear wastes management. Besides, the lead alloy can

be used as a primary coolant, but unlike the liquid so-

dium, used as coolant in fast reactors worldwide, lead

alloys are not compatible with any steel, inducing spe-

cific requirements for corrosion protection implementa-

tion and for liquid metal quality control, in order to

ensure adequate and safe operations. The control of

oxygen and impurities in LBE is then a challenge for

both corrosion control (ensure steel protection, . . .) and
quality control (avoid slag’s formation, limit circuits

contamination, . . .), that is one of the key issue for any

lead alloy system. Specific methods must be imple-

mented for the effective control of the liquid LBE quality

to meet the required specifications, such as dissolved

oxygen monitoring, dip sampling system, and analytical

techniques for impurities measurements.

2. Oxygen monitoring in lead–bismuth eutectic

A typical electrochemical cell puts in contact two

different media throughout a solid electrolytic bridge

which presents pure ionic conduction. One of the me-

dia is called the reference, as its function is to provide

a constant oxygen thermodynamic activity. The other

is the liquid LBE, for which the dissolved oxygen
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concentration is to be measured. The solid electrolyte is

made of ceramic in the form of a thimble that specif-

ically conducts the oxygen ions such as yttria stabilised

zirconia (YSZ) or magnesia stabilised zirconia (MSZ).

Starting from the liquid sodium experimental feedback

for oxygen sensors operating at low temperature (350–

500 �C) [1–3,9], the objective of first experiments in

LBE melt is to verify the prototype sensors behaviour

with regards to:

• The use of zirconia instead of the fragile thoria that

was used for the liquid sodium at low temperature

(lower electrolytic domain boundary) [4–7];

• The operating temperature, as for instance the inter-

facial resistance between the ceramic and the internal

reference (major contribution of the overall cell resis-

tance) is increasing with lowering temperature that

eventually prevent any measurement [11];

• The compatibility of the ceramic with the LBE melt

and with the internal reference, that determines the

sensor life time [11].

First experiments can be made in static facilities.

Ultimately, selected prototype sensors should be tested

on dynamic facilities in order to provide real operating

conditions to fully validate the sensors (time drift,

thermal operating shocks, calibration possibilities, long

term operation, . . .).

2.1. Theoretical formulation

For the dissolved oxygen concentration, the hy-

pothesis of an ideal solution is often made [8], and the

Henry’s law is applied to the solute oxygen. Assuming

solid lead monoxide as the standard state for the oxygen

in LBE [8], the oxygen activity shall be equal to unity

when saturation is made:

ao ¼
Co

C�
o

;

where Co is the dissolved oxygen concentration and C�
o is

the saturated oxygen concentration expressed in weight

percent.

The general relationship for a metal–metal oxide (M/

MmMOmo) reference is derived from the Nernst relation,

assuming a pure ionic conduction of the solid electrolyte

(reversible cell):

EsaturationðVÞ ¼
1

2F

�
� x

mo
þ a0 � Ra

�

þ 1

2F
y
mo

�
� b0 � Rb

�
TðKÞ;

EðVÞ ¼
1

2F

�
� x

mo
þ a0 � Ra� RB

�

þ 1

2F
y
mo

�
� b0 � Rbþ RA

�
TðKÞ

� R
2F

TðKÞ lnCoðwt%Þ

with R the perfect gas constant (8.31441 J/mol/K) and

F the Faraday constant (96484.6 C/mol).

All constants are defined in the following relation-

ships. Saturated oxygen concentration [7]: lnC�
oðwt%Þ ¼

A� ðB=TðKÞÞ with A ¼ 2:7631 and B ¼ 7828:789; Lead
activity in LBE [7]: ln aPb ¼ �ða=TðKÞÞ � b with a ¼
135:21 and b ¼ 0:8598. Standard Gibb’s energy of PbO

formation [10]: Df Go
PbOðJ=molÞ ¼ �a0 þ b0TðKÞ with a0 ¼

218936 and b0 ¼ 99:412 for 298 < T < 1159 K. Standard

Gibb’s energy of the MmMOmo oxide formation: Df

Go
MmMOmoðJ=molÞ ¼ �xþ yTðKÞ. Thermodynamic table [10]

gives the values for the different reference systems:

Df Go
SnO2ðJ=molÞ ¼ �581242þ 207:17TðKÞ

for 298 < T < 1800 K;

Df Go
In2O3ðJ=molÞ ¼ �925021þ 320:05TðKÞ

for 298 < T < 1600 K;

Df Go
Bi2O3ðJ=molÞ ¼ �579466þ 282:82TðKÞ

for 298 < T < 1003 K:

The two relationships can be identified to the following

relations defining the relevant constants:

EsaturationðVÞ ¼ K þ K 0TðKÞ and

EðVÞ ¼ K1 þ K2TðKÞ þ K3TðKÞ lnCoðwt%Þ:

Table 1

Numerical values of constants for the theoretical emf. relations for various reference systems

K K 0 K1 K2 K3 Melting T (�C)

PbO �0.006 �3.705E� 05 �0.343 8.201E� 05 �4.309E� 05 327

SnO2 �0.377 �1.542E� 05 �0.715 1.036E� 04 �4.309E� 05 232

In2O3 �0.469 6.354E� 07 �0.806 1.197E� 04 �4.309E� 05 157

Bi2O3 0.128 �6.368E� 05 �0.210 5.538E� 05 �4.309E� 05 271

Air/Pt 1.129 �5.858E� 04 0.791 �4.668E� 04 �4.309E� 05 –
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Numerical value for some reference systems are given in

Table 1. Graphical presentation can be made expressing

the emf. values versus temperature, taking the oxygen

concentration as a parameter [12]. This representation

allows a rapid interpretation of signal output from ox-

ygen probes. This kind of graphic is used in Figs. 1 and

2. Theoretical emf. values start at the melting tempera-

ture of the reference, which defines the lower operating

temperature for the oxygen sensors, assuming that there

is no electrical contact below this temperature.

2.2. Sensors tested

Up to now, five prototype sensors were tested: four of

them were provided by the Heraeus Electro-nite Com-

pany (HEN) (sensor nos. 1–3 and 5) and built from the

model of the Harwell sensor type MK2A, largely used in

liquid sodium facilities, with the standard materials used

by HEN (75 mm height, 6.5 mm outside diameter, 1.5

mm thickness). The last one was built on purpose using

commercial Degussa YSZ (35 mm height, 9 mm outside

diameter, 1.5 mm thickness). The sensors are described

as follows:

• nos. 1–3: steel wire (earth)/LBE-PbO//YSZ//Pb–PbO/

Re wire, no. 1 is protected by a SS304 sheath;

• no. 4: steel wire (earth)/LBE-PbO//YSZ//Bi–Bi2O3/

Mo wire;

• no. 5: steel wire (earth)/LBE-PbO//MSZ//Sn–SnO2/

Re wire, SS304 sheath.

All measurements are made with a high impedance

voltmeter (1012 X): PH-meter Tacussel PHN81.

2.3. Static facilities

Experiments were mainly carried out on the static

crucible (100 mm diameter, 80 mm height, SS316 steel)

facility called BIP [9], which enables to work with a

limited amount of LBE melt (around 6 kg), at a con-

trolled temperature and with a controlled cover gas. It

was recently improved in order to implement up to

four sensors at the same time, and to introduce gas

throughout a bubbler (8 cm diameter toric bubbler).

This facility is coupled to a ternary gaseous mixture

system, which allows the preparation of steam, hydro-

gen and argon with defined ratio of water to hydrogen

(from 100 to 106). Melting procedure for the preparation

of the LBE melt is as follows: first melt in a glove box

(argon) after a careful cleaning and brushing of ingots,

removal of the remaining oxides, cooling and transfer to

the static facility when solid. Other measurements were

achieved in the COLIMESTA facility [13], which was

used for long term corrosion experiments in static cru-

cibles (SS316 steel) at defined temperature and under

purified argon cover gas.

2.4. BIP results

A test campaign was carried out in the Bip Facility

for 15 days at the end of the year 2000 with the sensor

nos. 1–4. The initial operating conditions were as fol-

lows: bubbling of a reductive gas mixture (0.256 l/min of

Arþ 4%H2 then 1 l/min of Arþ 4%H2). Then, a ternary

gas mixture composed of argon (1 l/min), Arþ 4%H2

(0.052 l/min) and steam (100 g/h) was bubbled in the

facility: this defines a dissolved oxygen activity of 10�5

wt% at 500 �C (0.1 lg/g) according to the water to hy-

drogen molar ratio of 1000. In practice, the quality

control for this peculiar set of experiments showed odd

effects. During the first week of the experiment, there

was only a thin film of oxide covering part of the free

level of the liquid metal, which appeared constant in

area during this period. After about seven days, while

the cover gas was still a reductive gas mixture of argon

with hydrogen, a thick layer of powder deposited on the

free liquid level, most probably because of an inlet of air

back through the discharge line caused by a break in the

feeding argon line. A lot of aerosols were also observed

stuck on all the internal parts of the facility. Bubbling of

Fig. 1. Results obtained with sensor no. 1 in LBE melt in the

BIP facility with oxygen concentration in wt% as parameter.

Fig. 2. Results obtained with sensor no. 5 in LBE melt in the

COLIMESTA facility with oxygen concentration in wt% as

parameter.
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diluted hydrogen in argon for a few days had no effect

on that pollution. The water–hydrogen–argon gaseous

mixture was then put in operation, in order to determine

the possibility to obtain under-saturated solution, even

in spite of the presence of solid oxides. The bubbling of

the ternary mixture worsened the pollution of the facil-

ity, as the quantities involved in the pollution increased

tremendously. Indeed, the quantities of deposits on the

structural surfaces of the facility were large: thickness up

to 2 cm, composed mainly of lead mono-oxides (Yellow

or Red phases) with a relative built up of pure bismuth.

The mass of the lead–bismuth melt in the crucible de-

creased by 1.7 kg.

Two interpretations of this poor oxygen control may

be proposed: conceptual and operating defaults of the

vent line and kinetics related problem. The former is

associated to the absence of a discharge valve, that

eventually caused an air ingress when the argon feeding

gas bottle went empty at one moment or when the gas

flow rate was too low. The latter is associated to the

bubbling of gases: the steam oxidation kinetic of the

LBE melt appears to be faster than the hydrogen re-

duction kinetic. Indeed, the lead oxide were preferen-

tially produced, while the water to hydrogen molar ratio

should have prevented any oxides formation. For a

better control of the oxygen with this technique, it would

have been better to re-circulate with the strictly required

amount of gases for any concentration change when

bubbling. Another option is to control only the cover gas

composition in order to control the dissolved oxygen

concentration: kinetics are then limited by the small

exchange area of the free level, favouring the thermo-

dynamic equilibrium. As a conclusion of the oxygen

control for this set of experiments, the LBE must have

been saturated over the whole operating time. This

conclusion is confirmed with the metallurgical analysis

of a slice of the crucible, which shows a relatively thick

oxide layer between the steel and LBE melt up to a 1 cm

depth, and shows no wettability of the LBE melt with the

steel crucible downwards due to thinner oxides layers.

The four sensors were immersed in the lead–bismuth

melt as soon as the metal was liquid. The probe no. 1,

which is the only one protected with a metallic sheath,

gave a voltage response over the whole operating time,

whereas the other probes showed limited life time: 6

days for no. 2, 2 h for no. 3, and a few minutes for no. 4.

The cause of the early breakdown of the latter probe is

most probably the little height of the ceramic thimble

used (35 mm), that puts high thermal stresses on the

ceramic putty (Cotronics’s alumina based ceramic

cement) used to seal the internal metal/metal oxide ref-

erence. When the first three sensors operated simulta-

neously, all of them gave roughly identical responses.

The plots of the emf. versus operating temperature for

sensor no. 1 are shown in Fig. 1, where the theoretical

saturated and unsaturated lines are also plotted. All the

experimental values are close to the theoretical saturated

line, with a shift of �14 mV, which is small considering

all possibilities of thermocouple effects at the various

electrical connections from the probe to the PH-meter.

These possible effects will be taken into account in a

later stage of development. The slope of the experi-

mental curve is equal to the theoretical one for a tem-

perature range of 330–550 �C. However for

temperatures lying between 350 and 420 �C an unex-

plained little peak is observed (5 mV deviation). When

decreasing temperature, the curve is somewhat different

(kinetic effect at cooling). Besides, time to response to a

temperature shift is very rapid. The results of the sensor

no. 1 over the 15 days of operation showed very stable

emf. value, considering all temperature changes and

operating conditions disturbances.

After the experiments, HEN’s YSZ broken ceramics

showed very poor mechanical resistance. This was con-

firmed by optical and electronic microscopy analyses.

No trace of corrosion were detected, but multiple cracks

on the HEN’s YSZ, whereas only few cracks were de-

tected on the Degussa’s YSZ. The reason for that dif-

ference may be the open porosity which is null for the

Degussa and equal to a few percent for the HEN YSZ.

As a conclusion, proximity of the ceramic with the

cold bubbling gas compared to LBE temperature (300

�C gradient at least) caused thermo-mechanical stresses

on the ceramic, that eventually lead to the breakdown.

The metallic sheath implemented on the probe no. 1

appeared very useful from this point of view. Probes are

behaving according to the theory, even showing the

possibility of a measurement down to 330 �C, with a

relative stability over 2 weeks. Experiments are to be

continued with better oxygen control in the facility with

no bubbling and possibly with metallic sheath for pro-

tection of probes.

2.5. COLIMESTA results

When the COLIMESTA long term experiments

started, early 2000, the opportunity was taken to mea-

sure the oxygen content with probe no. 5: measurements

are reported on Fig. 2. First the probe was immersed in

504 �C LBE melt, and gave �350 mV response for 2

min, and then �226 mV stable. Probe was then re-

moved, and re-immersed in the bath: �316 mV were

read for a few moment and then �234 mV stable were

read for hours. This may be explained by the oxide layer

formed on the ceramic thimble due to transport in open

air, which oxides (lead and bismuth oxides) are dissolved

immediately after immersion. Indeed, a reading close to

�350 mV indicates saturation, whereas the stable read-

ings indicate a bath under saturated at about 10�5 wt%

(0.1 lg/g) according to the theoretical line. The sensor

was then inserted in the second bath at a temperature of

300 �C: reading gave �365 to �430 mV unstable. A very
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poor wettability was observed between ceramic and

liquid melt. The temperature was then increased to 500

�C, but unfortunately with no data recording. When

reaching the 400 �C temperature, readings went stable,

indicating the wettability transition. At 500 �C, readings
were stable for 3 days at �170 mV, corresponding to

10�6 wt% (0.01 lg/g) according to the theoretical plots.

Then, readings decreased regularly to a null value, which

is significant of a typical failure mode of this kind of

sensor. This may be caused by an electrical short-cut in

the solid electrolyte, caused either by corrosion or by

insertion of liquid metal in the solid electrolyte. Another

cause may be the corrosion of the SS304 sheath, which

deposited a growing oxide layer on the YSZ interface,

increasing the interfacial cell impedance that eventually

cancelled the emf. As a conclusion, no. 5 sensor behaved

in agreement with the theoretical lines, but calibration

of the emf. with oxygen concentration measurement is

needed to confirm any conclusion.

3. Dip sampler validation

The objective is to be able to take a sample of liquid

LBE in any facility through an air lock to perform

subsequent chemical analysis with the following re-

quired specifications for the sampling system: sample

homogeneous and fluid liquid metal; a system that does

not pollute liquid metal sample; a system which is easy

to operate, as it is required to operate in a nuclear en-

vironment; a system that may be quickly cooled. Such

device has already been developed for the lead–lithium

related technologies. The basic principle was to adapt

the sampling system to the LBE melt and achieve a first

qualification on a static facility in saturated conditions.

A view of this dip sampler developed for the lead–lith-

ium alloys is provided in Fig. 3. The tube on the bottom

part, opposite to the hole for the inlet of the melt, was

necessary to ensure a good filling of the sampler by en-

abling out gassing. This tube is no more needed for lead–

bismuth alloy, because of its density. The dip sampler

fabrication is thus simplified. The nature of the alloy

used is stainless steel. The stripy marks done during

fabrication on the external surface of the dip sampler

enable a very easy discarding of the steel, like the

opening of a tin, delivering the LBE sample ready for its

analysis.

4. Chemical analysis of lead–bismuth eutectic

Various techniques are used for lead alloy charac-

terization, as follows: composition analysis; metallic

impurities characterization; oxygen present in the alloy

measurement. The composition analysis techniques are

based on calorimetry, surface spectroscopy analysis, or

atomic absorption spectroscopy (AAS). The calorimet-

ric method principle is to measure the thermal flux

absorbed or produced by a sample subjected to a tem-

perature increase. The results enable to deduce the re-

spective reaction temperature, the eutectic and peritectic

points, as well as the reaction specific heat. But this kind

of analysis is not sufficient by itself as several composi-

tions are often possible when referring to a phase dia-

gram. The surface spectroscopy analysis consists of

X-ray analysis, scanning electron microscopy (SEM), or

wavelength dispersive X-ray fluorescence (WDXRF).

When energy dispersive X-ray spectrometer (EDS) is

coupled to a scanning electron microscope, the measure

of the alloys composition is possible in any point of the

sample. Mean value of several points (10 at least) could

be used to determine the mean composition of the al-

loys. The scanning electron microscope enables the

general state of the alloys to be determined, through the

study of its enriched or depleted zone. The WDXRF

method enables the measurement of virtually all the

Periodic Table (Z > 11) for concentrations above 500

lg/g. This method is thus well adapted to the alloys

composition determination, but not for any impuri-

ties measurement. The metallic impurities analyses are

achieved first by dissolution of the lead alloy, and then

by the use of inductive coupled plasma–mass spec-

trometry (ICP/MS) or AAS. The ICP/MS method en-

ables the measurement of a wide range of impurities

such as Fe, Ni, Cr, Ag, Cd, Cu, Sn, Sb, . . . . The iron

impurity has an isobaric interference with ArO gaseous

mixture (Ar being the plasma gas), that increases the

lower detection limit to 50 lg/g. For the iron impurity,

the AAS technique coupled with the spiking method

is then a better choice than the ICP–MS technique, re-

sulting in a lower detection limit decreased to 5 lg/g. For
the nickel impurity, because of the pollution coming

from the nickel cones of the transfer chamber of the

ICP–MS apparatus, the lower detection limit is high

when compared to the other impurities. There are

two methods for decreasing the lower detection limit:

changing the cones to platinum cones, or measuring

nickel by AAS with spiking method as for the iron. The

analytical measurement of oxygen in a sample can be

made using two methods, both of which measure the

total amount of oxygen present in the alloys: either the
Fig. 3. View of the dip sampler (92 mm length, 12 mm outside

diameter).
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dissolved oxygen and the oxides. The first method is

based on the reductive fusion of the sample in a graphite

crucible. The resulting carbon dioxide is measured

by infra-red spectroscopy. This technique is used with

careful calibration in the expected range, and with de-

voted preparation procedures for the sample in order to

reduce any superficial oxide. The other method is based

on electrochemical measurement as described above

with laboratory scale electrochemical cells.

The alloy composition measured in the LBE supplied

by Metaleurop is: 41:7� 2 wt% of lead and 57:3� 2

wt% of bismuth (WDXRF). The alloy fusion tempera-

ture is measured by calorimetry: 126.2 �C. During the

cooling phase of the dip sampling, a segregation phe-

nomenon happens, resulting in a relative heterogeneity

of the lead alloy depending on the method used for

composition characterization. Typically, a better com-

position measurement is obtained by dissolution of the

whole sample, than on parts of the sample. The impu-

rities measured by ICP–MS except for the iron (AAS)

are as follows: Sn (<2 lg/g); Fe (<5 lg/g); Ni (<20
lg/g); Ag (3 lg/g); Cu (<2 lg/g); Zn (<2 lg/g); Cd
(<1 lg/g); Sb (<2 lg/g); As (<2 lg/g); Te (<1 lg/g).
Theses values correspond to the lead and bismuth re-

spective characterization before being mixed, except for

the nickel, whose detection limit is to be improved with

AAS coupled with spiking method. The first tests for the

oxygen measurement were made with a LECO appara-

tus calibrated with steel matrix giving thus a different

fusion temperature. The results showed dispersed values

for the lead alloy sample: from 1 to 5 lg/g. A different

approach based on calibration of the apparatus with a 1

lg/g lead sample did not allow the detection limit to be

lowered. Actually, the apparatus used for these mea-

surements proved insufficient for this kind of study:

background level of the LECO apparatus is too high

and its resulting sensitivity appeared too low.

5. Conclusions

Even though the oxygen control in the static facil-

ity BIP proved difficult, some kinetic behaviour of the

oxygen in LBE was acquired. Electrochemical oxygen

sensors give results that are in agreement with the the-

ory for the Pb/PbO reference YSZ sensor (no. 1), as

well as for the Sn/SnO2 reference MSZ sensor (no. 5).

More experimental results with control of dissolved

oxygen are needed for any validation, as well as a cal-

ibration procedure to confirm the theoretical set of

lines. Moreover, the hypothesis of thermo-mechanical

stresses to explain the breakdown of three sensors out

of four, seemingly confirmed through metallurgical

analysis, has to be confirmed through long term ex-

periments with no stresses of any kind, and no protec-

tive metallic sheath.

The dip sampling system adapted from the lead–

lithium technology proved to be efficient in saturated

conditions, but has to be confirmed in unsaturated bath

for a full validation.

The set of analytical techniques for the measurement

of metallic impurities is efficient as well, except for the

nickel element, for which the method of analysis with

AAS coupled with spiking method should allow the

lower detection limit to be decreased below the 5 lg/g
as for the iron impurity.

All these techniques are to be implemented on a dy-

namic facility for long term operation and validation

in typical operating conditions (Standard Technology

Loop for Lead Alloys).
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