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CORROSION BEHAVIOR OF MATERIALS IN A LIQUID Pb-Bi SPALLATION TARGET
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ABSTRACT

Corrosion results of austenitic and martensitic steels exposed to Pb-Bi liquid alloy (material candidate for the
spallation target of ADS) are presented. They show the large influence of parameters such as the oxygen content
in Pb-Bi and the Pb-Bi velocity on the corrosion. At low O2 content (7 10~s wt%) in Pb-Bi the steels can suffer
from significant dissolution while at high O2 (1-2 10'6 wt%) content they can be covered by an oxide layer which
protects them from the dissolution. Moreover, it is shown that, in anisothennal systems, the deposit chemical
composition formed in the cold parts can depend on the temperature.
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1-INTRODUCTION
Acceptable answers to the nuclear waste long term storage and final disposal must be found for the sustainability
of nuclear power. Accelerator driven systems (ADS) seem a technical option for the transmutation of long-lived
fission products, minor actinides or plutonium into short-lived radioisotopes or stable nuclei. The ADS consists
of the combination of three main systems: an ion accelerator (protons are generally used), a spallation target to
produce the neutrons and a sub-critical fissile assembly. The ion beam is focused at the spallation target which is
located in the center of the subcritical core.

Due to the high power deposited by the proton beam, the flowing liquid metals are the primary material
candidates for the spallation target material. The liquid lead-bismuth eutectic alloy (Pb-55at%Bi which will be
named afterwards Pb-Bi) appears to be a good candidate owing to its high atomic number, low melting point, fast
heat removal from the target, good neutron yield and low vapour pressure. Moreover, it is chemically inert and
does not violently react with air or water which is a great advantage from the safety point of view.
However, it is recognized that liquid metals can be corrosive at high temperature and the compatibility of the
liquid Pb-Bi with the containment materials is one of the main concerns with the use of such a spallation material.
Therefore, corrosion considerations are very important in selecting the appropriate containment material and/or
operating parameters. We present here some aspects of the research activity conducted in the CEA, within the 5th

European program and the MEGAPIE project, in order to assess the impact of the Pb-Bi technology on steel
containment.

2- CORROSION BY LIQUID METALS

Towards a metallic material, a liquid metal can act as a solvent, a reactional media or a modifier of the metallic
material superficial energy. The resulting phenomena at the liquid/solid metal interface can be:

- A direct dissolution of the solid into the liquid.
- An interface reaction:

^reaction between major elements of solid and liquid (formation of intermetallic phases);
^reaction between major elements and impurities (e.g., with oxygen: oxide formation at the solid surface).

- A liquid metal penetration (loss of ductility, metal liquid embrittlement)

All these mechanisms can act simultaneously and depend on various parameters such as temperature, velocity of
the liquid alloy, composition of the solid exposed to the liquid, composition of the liquid, thermal gradient... A
fundamental characteristic affecting the corrosion behavior of steels by liquid Pb-Bi is the oxygen concentration.
The steel attack can proceed by either dissolution (at low O2 content in Pb-Bi) or oxidation (at high O2 content in
Pb-Bi). The oxygen affinity for a given element is defined by the free energy of formation of the oxide,
summarized as a function of temperature in the Ellingham diagram [1]. From this diagram, it can be shown that
the oxides of B i and Pb are less stable than the oxides that form on steels. Therefore, the precise measurement
and control of the oxygen concentration is required.
In the following, some experimental data and the devices in which they have been obtained are presented in
order, first to illustrate the influence of the O2 content in Pb-Bi and of the Pb-Bi velocity on the corrosion of



materials and second to show the deposition phenomena that could occur in the cold parts of a system as a
consequence of the mass transfer under a thermal gradient.

3- INFLUENCE OF THE OXYGEN CONTENT IN Pb-Bi ON THE CORROSION OF STEELS

Corrosion tests of austenitic and martensitic steels in static isothermal Pb-Bi with low oxygen content have been
performed in COLIMESTA device [2]. It consists of two heated pots filled with 7L of Pb-Bi and linked to a
glove box. At the top of the pots, the liquid surface is in contact with the glove box atmosphere which consists of
purified argon with less than 1 vppm O2. The bottom of each pot is connected via a tube with a valve to a
draining tank. During the test, the valve is closed, each tube near the bottom of the pot is at 135°C and the top of
each pot is closed by a cap. As there was no O2 probe in the liquid baths, the O2 content in Pb-Bi has been
estimated to 7 1O'S wt%, corresponding to the O2 solubility in Pb-Bi at 135°C. Two tests were performed, one at
350°C the other at 500°C for 3000 h. A 316L austenitic steel and 4 martensitic steels (with Cr content between 7
wt% (F82H) and 10.5 wt% (56T5)) were tested.

After immersion at 350°C in Pb-Bi, the weight measurements and the microscopic observations and analyses do
not show corrosion of the austenitic steel. On the other hand, the martensitic steels exhibit small weight losses
(between 0.05 and 0.09 mg cm"2) indicating a dissolution of these steels. No corrosion layer is observed at their
surface.

After immersion at 500°C in Pb-Bi, all the steels exhibit a weight loss. The loss is the greatest for the austenitic
steel (124 mg cm"2) and is between 3 mg cm"2 (T91 steel) and 24 mg cm"2 (56T5) for the martensitic steels. At the
316L steel surface (Figure la), a ferritic porous 60-80 urn thick corrosion layer mainly consisting of iron is
observed. The very small chromium (about 1%) and nickel (about 0.2%) contents in this layer indicate that a
preferential dissolution of this element occurs. No corrosion layer is visible at the martensitic steel surface
(Figure lb) indicating that a homogeneous dissolution of these steels occurs which is confirmed by analyses
showing that the steels keep their initial chemical composition even near the surface.

The difference of behaviour between the two types of steels at 350°C can be related to the nature of their initial
oxide layers. These are too thin to be analyzed by the used techniques but due to the higher Cr content in the
austenitic steel, we can expect that the oxide layer at the austenitic steel surface is more stable than the
martensitic steel one. In the tested conditions, the oxide layer at the martensitic steel surface could be unstable
allowing therefore the steel dissolution whereas the austenitic steel is still protected by its oxide layer. At 500°C,
due to the temperature increase, no oxide layer is stable at the steel surface allowing dissolution of the steels. Due
to the high Ni solubility in Pb-Bi, the austenitic steel dissolves more rapidly than the martensitic steels. At 500°C,
in the tested conditions, the corrosion phenomena are similar to those observed with Pb-17Li for which the
oxygen solubility is very low (3-7 10"3 wppm at 500°C [3]) and due to the presence of Li and the very high
stability of the Li oxide, the oxide layers present at the surface of the steels are not stable: the steels are corroded
through a dissolution process.
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Figure 1: Cross-section micrographs of steels after immersion for 3000 h at 500°C Pb-Bi with 7 10's w% O2

In the frame of a collaboration between CEA and IPPE (Obninsk, Russia), corrosion experiments were carried
out in the experimental loop (CU-IM loop, volume = 60 L) of the Institute of Physics and Power Engineering
with the Pb-Bi liquid alloy flowing at about 1.9 ms"' [4]. It consists of a central heat exchanger, a hot leg, a cold
leg and a tank for filling and draining. A centrifugal pump moves the liquid alloy through the circuit and the
velocity is measured by an electromagnetic flowmeter. A gas system (He-20%H2) and a system allowing PbO



dissolution are connected to the loop for oxygen removal and replenishment in the liquid, respectively. The
oxygen concentration is measured by means of two electrochemical sensors placed in the hot section. The oxygen
content in Pb-Bi was maintained constant at 1-2 10~6 wt%. The corrosion specimens were placed in the hot
(470°C) and cold (300°C) legs.

Martensitic steels (T91 and Optifer IV with 8-9 wt% Cr, EP823 with 10-12 wt%Cr and 1.8 wt%Si) and an
austenitic steel (1.4970 with 14.5-15.5 Cr% and 15-16 Ni%) were exposed to Pb-Bi at 300-310 °C and 470 °C
for times ranging from 1116 to 3116 h. At the end of tests, samples were weighted and the steel surface was
examined by scanning electron microscope. Analyses were also performed by electron microprobe and X-ray
diffraction.

After exposure to Pb-Bi at 300 °C, no sign of steel corrosion was detected by weight variation measurements,
microscopic observations and analyses.
After exposure to Pb-Bi at 470°C, all the specimens exhibit a weight gain (Figure 2). The analyses of the
austenitic steel did not put in evidence any nickel depletion in the metal near the surface as it occurs when this
type of steel is dissolved in Pb-17Li [5], due to the high solubility of this element in this liquid. In these
conditions, no dissolution of this steel occurs due to the presence of an oxide layer which is too thin (less than 1
urn) to be observed by SEM (Figure 2a).
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Figure 2: Weight gain variations of steels

After 3116 h at 470 °C, the oxide layers formed on the martensitic steels are thicker (about 10 to 20 |xm thick)
than on austenitic steel (Figure 2b and 2c). The analyses indicated that the porous external part of the layer
mainly consists of Fe3O4 and the compact internal part of the layer corresponds to the (Fe,Cr)3O4 spinel. The
presence of silicon in the EP823 steel (1 to 1.3 wt%) is detected in the internal part of the oxide layer.
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Figure 3: Cross-section micrographs of steels after immersion for 3116 h at 470°C inflowing Pb-Bi
with 1-2 Iff6 wt%O2

These experimental results show that the tested steels are oxidized in Pb-Bi with 1-2 10'6 wt% oxygen content.
They are in agreement with the oxidation data of these types of steels: the 1.4970 austenitic steel presented the
maximum resistance to oxidation in Pb-Bi-0 (thickness of the oxide film « 1 urn) due to the higher chromium
content and the presence of nickel which favor the formation of a thin continuous Cr2O3 layer at the metal/oxide
interface, this oxide allowing to decrease significantly the oxidation rate. Moreover, the comparison of the three
martensitic steel behaviour shows the beneficial effect of Si to decrease the oxidation rate. These experimental



results show that the level of oxygen content in Pb-Bi (1-2 10"6 wt%) is suitable for ensuring at 470 °C for a
period of 3116 h, a stable oxidation layer on the steels which can protect them against dissolution in the melt.
Therefore, liquid metal corrosion in liquid lead alloys can be avoided if stable protective oxide scales are formed.
However, it is necessary to determine for each type of steel and as a function of the temperature the range of O2

content in Pb-Bi in which a protective oxide layer can be developed but without growing at an excessive rate. In
this respect, the existing oxidation data of the steels will be very helpful.
These data show that the austenitic steels are less resistant to dissolution attack but are more resistant to
oxidation. The selection of the material containment for Pb-Bi depends on the temperature and the possibility of
controlling the O2 content in Pb-Bi during the operations.

4. HYDRODYNAMIC EFFECTS ON THE CORROSION OF STEELS IN MOLTEN Pb-Bi

From studies carried out in flowing eutectic lead-lithium alloy (candidate material for the liquid breeding blanket
of fusion reactors), it is known that the corrosion rate of martensitic steels at 475 °C (hot leg temperature) and for
a temperature gradient of 60 °C (cold leg temperature of 415 °C), increases from 21 um.yr"1 to 93 um.yr"1 when
the alloy velocity increases from 0.019 m.s"1 to 0.18 m.s"1 [6]. In the spallation module, the liquid Pb-Bi velocity
could reach values up to 3 m.s"' [7]. Therefore, it appears necessary to consider the hydrodynamic effects and to
study thoroughly the influence of the Pb-Bi velocity on the corrosion of structural materials for selection of the
container.

For steels in contact with Pb-Bi with a low oxygen content, corrosion proceeds by dissolution. The fluid velocity
effect on the corrosion process can be summarized as follows (Figure 4) [8]:

For low velocities, the corrosion rate is completely or partially mass transfer controlled: the global
interface reaction is at the equilibrium and the corrosion process is controlled by the transport of the
corrosion products from the solid/liquid interface to the bulk by convective diffusion.
For higher velocities, the global interface reaction becomes the limiting step. In this domain, the
corrosion rate is independent of the velocity and in principle also of the geometry involved.
For much higher velocities, erosion-corrosion may occur and lead to mechanical damages of the
material surface. In that domain, predictions of the corrosion rate are not simple as the corrosion
process involves multiple parameters.
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Figure 4. Variation of the mechanism of flow
accelerated corrosion (FAC) as a function of the
fluid velocity [8]

Figure 5. Variation of experimental martensitic steel
corrosion rate at 500°C with the mass transfer
coefficient calculated in Pb-I7Li for the rotating
cylinder according to the Eisenberg equation and for
the pipe flow according to the Berger and Hau equation
[7,14,15,18].

When the corrosion mechanism is mass transfer controlled, the corrosion rate can be expressed according to:

Vcorrosion = K (q - c0), where
K: empirical mass transfer coefficient (m.s"1),
C;: concentration in dissolved species at the solid-liquid interface: it is assumed to be equal to the saturation
concentration in the liquid alloy, cs (g.m"3),
Co: concentration in dissolved species in the bulk, if the liquid metal is sufficiently renewed, c0 can be considered
as negligible (g.m"3).



Therefore, the knowledge of the mass transfer coefficient leads to the knowledge of the corrosion rate. As far as
the pipe flow geometry is concerned, several equations have been proposed. We have considered here the
empirical Berger and Hau equation which has been established from data obtained in fully developed flow for
8xlO3 < Re < 2xlO5 (Re: Reynolds number) at Schmidt numbers varying between 1000 and 6000 [9]:

KB.H = 0.0165v086d;°;>-05MD0-670

with v: flow velocity (m.s'1), dpipe: inside diameter of specimen, v: kinematic viscosity (m2.s"') and D: diffusion
coefficient (m2.s"').

As it can see on the Figure 5, this mass transfer expression well represents the experimental corrosion results of
Fe-lOCr martensitic steels in flowing Pb-17Li at 500°C. Assuming that, as in the case of Pb-17Li, the limiting
step of the corrosion process is the iron diffusion in the liquid and using the same mass transfer expression, the
expected corrosion rates of a 0.1 m diameter pipe made of Fe-lOCr steel in contact with flowing Pb-Bi with low
oxygen content (dissolution regime) at 500°C are 3000 urn yr"1, 14000 am yr"1 and 22000 um yr"1 for
respectively 0.5 m s"', 3 m s"1 and 5 m s"1 Pb-Bi flow velocities. These first calculations show in these conditions,
a large influence of the liquid velocity on the corrosion of Fe-10 Cr martensitic steels in the dissolution regime
and that the corrosion rates are too high to use this type of materials without a protective superficial layer.
Experimental data must be gained to validate these calculations.

When an oxide layer is formed at the surface of the steel, the data are not yet sufficient to take into account the
influence of the liquid velocity in a corrosion model. It will be essential to determine the nature of this layer, the
mechanism of its formation, its physico-chemical characteristics... in order to determine if the equations used
previously are still valid. As a matter of fact, the same steps as before could be controlling the corrosion process
but with a correcting factor representing the oxide layer [10].

In any cases, experimental data are still lacking and for practical evaluation of the Pb-Bi velocity effect on the
corrosion of steels, an experimental device, CICLAD (Corrosion Induced by the Circulation of a LeAD alloy),
has been built in the laboratory which consists in a rotating cylinder operating under controlled hydrodynamic
conditions (Figure 6) [11]. The main parts of the facility are:

the glove box on the bottom of which is fixed the pot containing the rotating cylinder system. It
allows to manipulate the samples in an inert atmosphere without draining the device;
the liquid metal circuit composed of a pot with the rotating cylinder system equipped with a
pneumatic motor (co = 0-8000 rpm), a test section in pipe, an electromagnetic pump, a magnetic
flowmeter, a cold trap to purify the alloy followed by a heater and a tank for the draining of the
facility. The device is entirely built in aluminized austenitic 316L (21.3 mmxl7.1 mm pipe) and
contains about 10L of liquid metal;
the gas circuit which allows the oxygen content control in the facility either by a circulation of Ar-
H2 in order to be in the dissolution zone of the steel or by the use of a ternary mixture, Ar-E^-HbO
to allow the formation of an oxide layer on the surface of the steel. An oxygen probe will allow the
measurement of the oxygen concentration in the liquid alloy.

This type of device has many advantages compared to a classical circulation loop: it allows, without a large
power pump, to identify the corrosion process and determine its kinetics in a large range of hydrodynamic regime
via the variation of the rotating speed. Moreover, due to its small scale, the various investigated physico-chemical
parameters will be well controlled in particular the oxygen content which is a key parameter.

However, the major question remains how the results obtained on the rotating cylinder are going to be used to
predict the corrosion behavior of materials in the hydrodynamic and geometric conditions of the spallation
module.
As it was shown before, most of the studies performed in liquid metals have shown a mass transfer controlled
corrosion process (cf. Figure 4). In that case, equations have been developed but in aqueous medium to simulate
the hydrodynamic conditions in a pipe flow geometry with a rotating cylinder geometry using the mass transfer
coefficient.
The empirical equation for the mass transfer coefficient concerning the rotating cylinder derived from the study
of Eisenberg was selected [12]:

KF. „ = 0.0487co°-70d0-4. . v^44D0-644

Eisenbcrg cylinder



with KEisenberg: mass transfer coefficient (m.s"1), co: rotation rate (rad.s"1), dcyiinder: cylinder diameter (m), v:
kinematics viscosity (m2.s"') and D: diffusion coefficient (rr^.s"1).
This equation has been determined from data obtained for a turbulent flow and the expression is valid for
Reynolds numbers between 103 and 105.
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Figure 6. The CICLAD device.

By equalizing the mass transfer coefficients established for a pipe flow geometry and for a rotating cylinder, a
relationship is obtained which links the fluid velocity in the pipe to the cylinder rotation rate in order to obtain
equivalent mass transfer and corrosion rate in both geometries. Therefore, it is possible to predict the corrosion
rate in a pipe from the results obtained on a rotating cylinder.

The validity of these different equations has been previously established in the case of Pb-17Li [13] for which
experimental results are available for both pipe and rotating cylinder geometries. Figure 5 shows the variation of
the corrosion rates measured in circulation loops and on a rotating cylinder system as a function of the mass
transfer coefficient calculated according to the Berger and Hau equation for the pipe loop and the Eisenberg
equation for the rotating cylinder. The good agreement of the different results shows that the empirical equations
of the mass transfer coefficients established in aqueous medium can be effectively used in liquid metal
environments. Of course, the use of these equations will have to be validated in the case of Pb-Bi by the
experiments performed in CICLAD.

All these equations concern the case when the corrosion process is mass transfer controlled. If for the fluid
velocities studied in CICLAD, the transition between the mass transfer control and the interface reaction control
is reached then the corrosion rate becomes independent of the velocity. In that part, the calculation of the
corrosion rate is only function of the kinetic constant of the interface reaction. Moreover, if the last part of the
curve is reached where erosion occurs, it will be necessary to determine if the fluid velocity transition obtained
with the rotating cylinder is the same for the pipe loop geometry and the values obtained for the corrosion rates
with the rotating cylinder for that speed range will have to be confirmed in other geometries. If the corrosion
mechanism is completely different, experiments performed at different oxygen contents in Pb-Bi as a function of
the rotation rate will allow to determine the fluid velocity influence on the behaviour of the oxide layer and
maybe establish other equations for that case.

5- DEPOSITION OF CORROSION PRODUCTS

When the temperature is not uniform in a liquid metal circuit, corrosion can occur in the hot parts and the
corrosion products dissolved in the liquid can precipitate in the cold parts to form deposits. These latter can plug
or create pressure drops in the circuit. Therefore, it is necessary to characterize the phenomena and identify the
conditions in which they can occur.

For that purpose, some closed 316L and 56T5 martensitic steel tubes containing 550g Pb-Bi alloy and the
corrosion specimens (in the same material as the tube) were placed vertically in a furnace under a temperature



gradient [2]. This latter was such that the hot zone of the tube was at the top in order to minimize thermal
convection. The hot zone (corrosion area) was about 5 cm high and at 480°C whereas the temperature variation
in non-isothermal zone was about 10 °C per cm, leading to a temperature gradient of 220 °C. The oxygen content
in Pb-Bi has been estimated to 5 10*7 wt% corresponding to the oxygen solubility in Pb-Bi at 170°C-180°C which
is the temperature at which the superficial oxides were mechanically removed before closing the tubes. After
3000 hours, the heating was stopped and the tubes were cooled.

In the hot zone of the tubes, the corrosion of the steels manifests itself by a dissolution of the steels and corrosion
products are dissolved in the liquid.

For the 316L steel, in the 360-450 °C temperature range, many crystals were observed adhering to the wall of the
tube and in frozen alloy (Figure 7). There is a temperature effect on the deposit chemical composition: it changes
from iron-rich (90Fe-10Cr at about 440 °C) to chromium-rich (80Cr-20Fe at about 360 °C) with decreasing
temperature. The Fe/Cr ratio of these crystals decreases with the temperature as it has been observed with Pb-
17Li [16]. But contrary to what was observed in Pb-17Li, no other element present in the 316L steel, in particular
Ni, was detected in the crystals and the analyses of Pb-55Bi after treatment give 11 ppm of Ni compared to 1
ppm before test. The presence of Ni and Mn in crystals in Pb-17Li comes from the lower solubility of these
elements in that alloy compared to that in Pb-55Bi. The composition of these crystals results from the low
solubility of iron and chromium in Pb-55Bi, compared to the high solubility of nickel [17].
Finally, at temperatures lower than to 360°C no deposit was observed.

a) SEM view b) Cr X rays image c) Fe X rays image

Figure 7-.Chromium rich deposits in the 316Lsteel tube

Concerning the Fe-lOCr martensitic 56T5 steel, the deposition of corrosion product takes place in a uniform way
on the whole tube surface in the 400-480 °C temperature range. The deposit chemical composition is independent
of the temperature and corresponds to very rich iron crystals (98Fe-2Cr) (Figure 8). At temperatures lower than
400 °C no deposit was observed.

a) SEM view b) Fe X rays image c) Cr X rays image

Figure 8: Iron rich deposits in the martensitic 56T5 steel tube

These results show that the deposition processes depend on the temperature and on the amount and solubility of
the dissolved elements in the liquid. The removal of dissolved corrosion products by mean of a cold trap must
take into account these phenomena.



6- CONCLUSION

One of the concerns in using Pb-Bi liquid alloy as a spallation target material is its compatibility with the
containment material. Therefore, corrosion considerations are very important in selecting the appropriate
containment material and/or operating conditions. Many parameters may influence the corrosion processes in the
presence of liquid metals such as the temperature, the liquid velocity, the thermal gradient, the impurity content
in the liquid...
Corrosion tests performed in static isotherm Pb-Bi with a 7 10"8 wt % O2 content show that after immersion at
350°C for about 3000 h the 316L steel does not show corrosion whereas a Fe-lOCr martensitic steel suffers from
a small dissolution. At 500°C, in the same conditions the two types of steels are corroded by a dissolution
process, the 316L steel being more corroded. At about the same temperature, in the presence of flowing Pb-Bi
with a 1-2 10~6 wt % oxygen content, the same type of steels are covered by an oxide layer preventing them from
dissolution. The oxygen content in Pb-Bi is a parameter determining the corrosion process of a steel at a given
temperature: dissolution at low oxygen content, oxidation at high oxygen content. For each type of steel and as a
function of the temperature, the oxygen content in Pb-Bi must be controlled and maintained at a suitable level
allowing to the steel to be protected by a compact oxide layer which grows at a small rate. As in the case of
oxidation by gaseous atmospheres, austenitic steels resist better to oxidation than martensitic steels. Moreover,
they are less resistant to dissolution.
From the experience of other liquid metals and in particular Pb-17Li alloy, it is expected that when the steels are
corroded by dissolution, the liquid velocity has a large influence on the corrosion rate. In that case, corrosion
models exist but must be validated. At the opposite, no data exist when oxidation occurs: it is necessary to
determine them for the selection of the material containment. The CICLAD facility allows to gain such data in a
large range of liquid velocity and in well defined experimental conditions.
Finally, in the presence of thermal gradients in a Pb-Bi circuit, deposition processes occur in the cold zone. They
must be well characterized to avoid any plugging in the circuit.
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