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Abstract

Steel samples in a lead bath under controlled oxygen activity were studied for corrosion in a new experimental device
(COXCIMEL). The static lead bath has a volume of ~0.5 and was kept under helium or hydrogenated helium at-
mosphere. The oxygen content in the bath and in the flowing gas was controlled and monitored using yttria-stabilized
zirconia (YSZ)-based sensors and an oxygen zirconia pump. The steel sample treatments were carried out in the
temperature range of 450-500°C for ca 30 days. Special attempts were carried out to find steel embrittlement conditions.
Samples were characterized after extraction from the bath. The description of the experimental setup functioning is
given. The preliminary characterization of the samples and other results obtained are presented in this paper. © 2001

Elsevier Science B.V. All rights reserved.

1. Introduction

In the course of the research program for the devel-
opment of a hybrid nuclear reactor, liquid lead and
liquid lead-bismuth eutectics have been chosen as po-
tential candidates for spallation target material and
cooling agent. The long time contact effects have to be
studied between these liquid metals and the structural
materials, taking into account that the important pa-
rameter for the liquid—solid interaction is the oxygen
content in the whole system. Although the experimental
conditions employed in a stagnant laboratory setup
seem to be very different from those of the reactor
project, they allow one to point out potential risks which
are not easily provable in a forced circulation loop. In
such a device, the oxygen concentration is not truly
controlled up till now. In Pb17Li loops used to test the
compatibility between the Pb-Li eutectic and structural
materials [1-3], no oxygen content measurement appa-
ratus was included in the loop circuit. The maximal
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oxygen concentration was however imposed by the sol-
ubility limit of the Pb-Li eutectic which is somewhat
low. On the contrary for lead and even more for bis-
muth-lead mixture [4-7], the oxygen solubility limit is
quite high (above 0.01 at.% at 530°C). The whole system
is free to vary between this maximum limit and very low
oxygen concentration. These low oxygen concentrations
could be induced, for example, by formation of reducing
elements in the course of a working nuclear reactor. The
effect of prolonged contacts between lead (or bismuth—
lead eutectic) and structural materials have to be stud-
ied, taking into account the whole range of oxygen
concentration under the solubility limit in the chosen
cooling agent. With this aim in mind, we have designed a
new experimental device with a metallic bath under
controlled oxygen activity. The working tests and the
first steel treatments have been carried out with lead.

2. Experimental setup description
2.1. Oxygen in liquid lead
The atomic fraction of oxygen dissolved in lead xo is

linked to the oxygen partial pressure by the following
relations:
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50: (2) = (O)p,

5 and pO;/2 = aop = yHxo. (1)

Using the 1 at.% standard state, the free enthalpy of
mixing oxygen in lead between 510°C and 1100°C is
given in the compilation of Chang et al. [8]:

0
RTIn (1%) = —119100 + 14.6 T J/g atom O.  (2)

The atomic oxygen mole fraction in lead between 510°C
and 1100°C can be deduced from activity measurements
by

3)

Yo = 0.01ag exp (119100R—Tl4,6 T>.

When xo reaches the solubility limit, the formation of
lead oxide PbO limits the atomic oxygen mole fraction
in lead.

2.2. Operating principles

The traditional ‘pump-gauge system’ used for gas
analysis [9] was adapted to the metal bath oxygen reg-
ulation. The original pump-gauge system was already
used for wetting experiments in sessile drop configura-
tion [10]. However, long duration annealings require the
use of liquid metal amounts larger than a drop or than
the amounts of liquid metal in a traditional galvanic
cells used for oxygen solubility measurements [11-13].

The pump and the gauge of our setup are based on
yttria-stabilized zirconia (YSZ) (ZrO,-Y,0;,9 mol%)
tubes. Earlier oxygen diffusivity studies were carried out
by using calcia-stabilized zirconia (CSZ) [11-13]. The
use of CSZ is not recommended due to its generally
noticeable electronic conductivity induced by impurities
in the electrolyte.

For the pump and the gauge, a close-ended zirconia
tube separates the liquid lead from air. The electromo-
tive force, E, of the gauge with reference to oxygen
pressure in air is expressed as a function of the oxygen
activity in liquid lead as

RT ao
E=—Ih|—]. 4
2F n <(pogu‘)l/2) ( )
The oxygen activity is then
i 2FE
a0 = (pOI) " exp (ﬁ) (5)

where E is the emf (V), R the gas constant (8.314 J/K
mole), T, the bath temperature (K), F the Faraday
constant (96484 C) and pOi", the oxygen partial pres-
sure of the ambient air.

When an external voltage V, is applied to the zirconia
wall, an oxygen flux appears through the pump that

changes the oxygen concentration in the liquid bath. The
resultant variation of the oxygen moles in the bath is

Mo =2, (6)

where Q is the electricity quantity which has gone
through the pump (C). The calculation of the oxygen
concentration variation requires the accurate determi-
nation of the lead weight.

The association of such a pump and a gauge in the
same bath, may lead to the oxygen regulation. It also
allows activity coefficient measurements, as long as the
bath weight is known with extreme accuracy.

2.3. Setup description

Fig. 1 shows the schematic drawing of the whole
COXCIMEL setup (in French: Corrosion sous OXygene
Controlé et Interaction avec les MEtaux Liquides). The
lead bath was in a cylindrical steel vessel, which was
secondary vacuum proofed and placed inside a cylin-
drical furnace. The lead bath was not in contact with the
steel chamber, but in an alumina crucible 110 mm in
diameter providing electric insulation. The top of the
steel-made vessel was water-cooled in order to protect
the various in-out systems:

1. gas intake and outflow,
2. sample introduction systems,
3. electrochemical gauge and pump supports.

The flowing gas above the bath (mixture of He and
H, in 0-100%) was controlled upstream with mass
flowmeters and flew through an oxygen gas sensor down
the lead vessel. The temperature of the lead bath was
taken with a thermocouple inside the gauge tube. The
electrical contacts required for both the pump and the
gauge were rhenium wires plunged in the lead.

Lead pieces are mechanically cleaned before their
introduction in the alumina crucible and molten under
hydrogen. Afterwards, the lead was always kept liquid,
independent of an experiment was running or not.

The oxygen activity in the lead bath was continu-
ously measured by the zirconia gauge using a high
impedance voltmeter. The gauge was used over a pe-
riod of more than six months without change of its
characteristics, i.e., impedance, response time, etc.
When a change in the oxygen concentration occurred,
the response time of the gauge was about 30 s for
oxygen activity between 107!° and 107 at a working
temperature close to 530°C. A typical emf variation is
schematically drawn as a function of time in Fig. 2(a).
If a local perturbation occurred in either the bath
(oxygen flux through the pump for example) or above
the bath (gas composition change) the homogenization
time, which depends on the size of the bath, is defined
as the time necessary for gauge signal to restore the
same slope as before the perturbation. The schematic
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Fig. 1. Schematic drawing of the COXCIMEL setup: (1) steel vessel; (2) alumina crucible; (3) lead bath; (4) T91 sample; (5) oxygen

pump; (6) oxygen sensor; (7) furnace.

drawing of Fig. 2(a) is only valid for strictly neutral
gas. If, for example, hydrogen and helium gas mixtures
are used, the variation with time for the gauge signal is
schematized in Fig. 2(b). The effect of the non-neu-
trality of the flowing gas on the slope of the gauge
signal depends on the oxygen activity range within
lead.

Two cases of working mode may be considered for
the oxygen pump: the oxidation mode corresponding to
oxygen injection into the liquid bath, and the reducing
mode in which the oxygen is extracted from the molten
lead through the zirconia wall.

In our setup the lead bath volume was nearly 0.5 1.
The contact area of pump tube (9.5 mm in diameter)
with the molten lead was of the order of 12 cm?. It is
admitted that the maximum current density with zirco-
nia cells is ca 0.2 A cm™2. Under these conditions, it
may easily be demonstrated that the solubility limit is
never involuntarily reached even locally, near the pump
surface.

For the reduction mode, oxygen dissolved in lead has
to diffuse in the bath towards the cathode of the pump.
Under these conditions, oxygen reduction in the bath
can take place, provided the applied current is lower
than a limiting one. This limiting current depends on the
oxygen concentration, bath temperature, etc. From a

practical point of view, we have shown that, for oxygen
concentration lower than 1 ppm, a partial electrochem-
ical reduction of the zirconia tube cannot be avoided.
During the further oxidation stages, a reduction of zir-
conia in a previous reducing cycle induces local forma-
tion of lead zirconate PbZrO; [14]. The precipitation of
this non-conducting phase on the pump surface in con-
tact with the lead bath leads to an increase of the ef-
fective local current density that becomes noticeably
higher than its limiting value even for small applied
cathodic current. Avoiding zirconia tube reduction
conditions, the pump was continuously used over more
than six months without degradation.

The lowest oxygen concentration reached was about
10~* ppm (at 527°C). Such a low concentration was
achieved by hydrogen treatment.

2.4. Testing procedure

To check the functioning of the pump-gauge cou-
pling in lead, we applied a method close to that used for
the gas system [15] which is a verification of the Faraday
law. For a flowing gas system, the method consists in the
verification of the relationship between oxygen partial
pressure and current intensity. In the case of a static
bath (which is a closed system), the method involves the
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Fig. 2. Definition of the homogenization time for neutral gas
flow (a) and for hydrogenated gas flow (b), respectively.

verification of the relationship between the oxygen mole
number in the liquid deduced from the gauge emf and
the quantity of electricity passed through the pump.

We have checked that the variation of the oxygen
mole numbers in the bath, deduced from gauge mea-
surements, is a linear function of the quantity of Cou-
lomb passed through the pump circuit. From gauge
measurements the variation of the bath oxygen mole
numbers, may be calculated from the following equa-
tion:

”I{) _ ”Iio _ io Mmpp (pogir)l/Z (GZFE;/RT _ eZFEi/RT)7
Yo Mpy

™)

where E; and E; are the initial and final gauge emf, re-
spectively, while the Faraday law applied to the pump
leads to

i _ 0
’78_’70:?~ (®)

The plot of the (5, — 5i,) values deduced from Eq. (7)
as a function of Q is given in Fig. 3. The experiments
were carried out at 527°C in the oxidation mode. The
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Fig. 3. Plot of the (45, — #})) values deduced from the Eq. (7) as
a function of the quantity Q of coulomb gone through the pump
at 527°C.

straight line obtained demonstrates the good functioning
of both independent electrochemical units at 527°C.
From this figure and knowing the bath weight (5150 g
for this experiment) we can deduce the capacity of the
oxygen bath regulation which is of the order of 0.2 ppm
of oxygen per Coulomb.

Other tests were carried out to specify the range of
good functioning of the setup. A test at a lower tem-
perature (450°C) in oxidation mode between 0.1 ppm
and 10 ppm which proved that the whole system worked
correctly at 450°C. A second test in reducing mode was
carried out in the range 70-7 ppm, at 527°C.

2.5. Testing results of the commercial Setnag sensor

After verifying that our laboratory-made pump-
gauge system in liquid lead was working correctly, we
tested a commercial oxygen sensor. ' This potentio-
metric zirconia sensor has an internal oxygen reference
fixed by a palladium/palladium oxide mixture, instead of
air. The Setnag sensor offers the advantage of being very
small (3 mm in diameter and 10 mm long) and having a
good thermal shock resistance.

The Setnag sensor was immersed in the lead bath,
simultaneously with the pump-gauge system previously
described. The evolution of the emf given by the Setnag
sensor was continuously compared to that of our air
reference gauge.

The emf of the Setnag sensor follows the Nernst law:

©)

'SETNAG, 31 bd de Magallon-13015 Marseille, France.

Setnag@aix.pacwan.net
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Fig. 4. Comparison of atomic oxygen mole number deduced
from the gauge and the Setnag sensor measurements during a
bath oxidation cycle at 532°C and 482°C.

The measurements were made at 532°C and 482°C,
respectively. The values used for the Pd/PdO reference
correspond to the following Gibbs free energy of for-
mation of PdO, AG*(T):

AG"(482°C) = —37723 J/mol  and

(10)
AG°(532°C) = —32831 J/mol.

These values are very close to those given by the
COACH Thermodynamical Data Base [16] or those
previously published by Fouletier [9], with a maximum
difference of 372 J.

The atomic oxygen mole numbers in the bath de-
duced from the gauge and the Setnag sensor measure-
ments during oxidation cycle at 532°C and 482°C are
plotted in abscissa and ordinate of Fig. 4. Both sensors
agree with a correlation coefficient of 0.99.

We did not test the lifetime of the Setnag sensor over
more than one month, but the conclusion of this test was
that for short time the use of the Setnag sensor can
substitute our air gauge system, but care must be taken
for the sensor calibration, and the Pd/PdO mixture re-
generation.

2.6. Conclusion of the experimental setup part

We built and tested a new setup, which allows mea-
suring and accurate control of the oxygen concentration
in a lead bath from very low concentration (10~* ppm)
to the solubility limit. This was achieved by simulta-
neous use of two methods: the use of He and H, gas
mixtures and the electrochemical pump-gauge system.

We have shown that the pump-gauge electrochemical
system worked correctly between 450°C and 550°C.

The behavior of the commercial Setnag sensor in lead
bath is encouraging.

3. Steel treatments

Owing to the lead volume used and the accuracy of
our electrochemical system, the setup described in the
previous section of this paper allows long time anneal-
ing. In order to obtain preliminary results we have
limited the length of sample treatment of the first sam-
ples tested to about 1000 h.

3.1. Materials and procedure

Sogemet supplied lead, 99.97 % pure. 2 T91 steel was
provided by CLI. * Samples of size 10 x 10 x 40 mm?
were cut of from a larger bar of steel which was sub-
mitted to the standard heat treatment for steel 91 plus a
heat treatment at 770°C for 7 h to release residual
stresses. After drilling a hole into the sample and pol-
ished all faces with SiC grinding papers of graduation up
to 4000, the sample was attached to the end of an alu-
mina rod (45 cm in length). The sample was then in-
troduced in the lead cell through a lock chamber in
order to limit the bath pollution with oxygen.

3.2. Preliminary results

Four samples were treated in the lead bath with very
low fixed oxygen concentration or with oxygen con-
centration cycles between low (i.e. 1073 ppm) and high
(i.e. 10 ppm) contents, at about 530°C. After exposition,
the sample is taken out of the liquid lead and slowly
brought up again in a cold area of the chamber before
the final extraction. The existence of a thin and smooth
oxidized layer on the surface leads to a bad wettability
by the liquid metal and under the present extraction
conditions, there is no remaining lead on the sample if
its surface has not become rough. As shown by SEM
micrography (Fig. 5), no liquid lead penetration within
the steel sample was observed; but in all the samples
cavities appeared, more numerous near the sample sur-
face. Investigations of the samples before and after
treatment show that cavities appear during the exposure
and are spread near the surface all along the periphery of
the sample.

The size distribution of the cavities varies from 0.2 up
to 5 um. The formation of an oxide layer (Chromite

22 Société Générale des Métaux, Neuilly sur Seine, France.
3 Creusot-Loire Industries, Le Creusot, France.
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Fig. 5. SEM micrography of treated T91 sample cross-section
(30 days, 540°C, bath under flowing hydrogen, oxygen in lead:
about 0.001 ppm).

FeCr,04) on the steel surface did not protect the sample
from this cavitation phenomenon.

4. Discussion and conclusion

The first four samples were submitted all for some-
time under very low oxygen concentration stage and
present different levels of cavity formation. It should be
pointed out that cavities did not appear in previously
published studies carried out for higher oxygen con-
centration (see for example, Benamati studies up to 3700
h on F82H steel [17]). Therefore we think that it is ab-
solutely essential, that all the possible ranges of oxygen
concentration should be taken into account in the course
of steel/lead or bismuth-lead contact studies. As the rate
of the bath reduction to very low oxygen concentration
using reducing gas is slow, a direct measurement of the
oxygen content of the liquid bath is indispensable. The
indirect bath regulation method used by Miiller [18]
needs an accurate control of the oxygen concentration.

It is not recommended to limit the investigation field
to the high oxygen range only, and the COXCIMEL
setup is the right tool for the whole field study.
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