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Abstract

This paper reports corrosion and deposition data from tests carried out with liquid eutectic lead–bismuth (Pb–55

at.% Bi) filled steel tubes (austenitic and martensitic) under a thermal gradient (500–280 �C) for 3000 h. For the au-

stenitic steel, the surface exposed to Pb–55Bi exhibited a ferritic corrosion layer depleted in nickel and chromium at

temperature above 450 �C. In the temperature range 450–360 �C, deposits composed of iron and chromium were found.

There is a temperature effect on composition with a change from iron-rich to chromium-rich with decreasing tem-

perature. For the martensitic steel, a corrosion without corrosion layer was observed above 480 �C. Only one type of
deposit consisting of 98Fe–2Cr was found in the 400–480 �C temperature range. � 2002 Elsevier Science B.V. All

rights reserved.

1. Introduction

Liquid eutectic lead–bismuth (Pb–55 at.% Bi) is a

candidate material for spallation neutron target and

nuclear coolant in accelerator driven systems proposed

for radioactive waste transmutation [1]. The advantages

of this alloy for these applications are a high atomic

number, low melting point, high thermal conductivity,

low vapor pressure and no violent reaction with air and

water. However, the structural container is exposed to a

significant flux of high-energy protons and neutrons as

well as a very corrosive environment. It is recognized

that steels are severely corroded by liquid lead alloys at

high temperature [2–5]. Thus the container material

must have a good compatibility with the liquid metal

target.

This paper is focused on the corrosion of the con-

tainment materials by the Pb–Bi eutectic liquid target.

Corrosion by liquid metals can manifest itself in various

ways: dissolution, chemical reaction at the solid–liquid

interface, liquid penetration at grain boundaries, . . . . In

the case of the Pb–55Bi alloy, the steel corrosion process

depends strongly on the oxygen content in the liquid.

From the Ellingham diagram, it can be seen that lead

and bismuth oxides are less stable than iron oxides.

Therefore, in a given temperature range, for some oxy-

gen concentrations, the surface of the steel exposed to

Pb–Bi can be oxidized, which protects it from the dis-

solution [6].

Investigations on corrosion in Pb–55Bi are being

carried out and the most relevant parameters such as the

alloy velocity, the composition of the liquid (oxygen

content, spallation elements generated during the irra-

diation), the composition of the steel, the temperature

gradient . . . are considered. Recently, corrosion tests of

austenitic and martensitic steels were performed in a

liquid metal loop under continuous control of the oxy-

gen concentration [7]. This study did not show any

corrosion by direct dissolution in the temperature range

470–300 �C and in the presence of Pb–55Bi alloy con-

taining 10�6 wt% of oxygen. The absence of dissolution

is due to the formation of a protective oxide film on the

steel surface.

The oxygen content in Pb–55Bi must be controlled in

order to avoid significant dissolution of the material and

then release of elements in the melt. In particular, the

rates of dissolution have to be known. Simultaneously,
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the deposition of the corrosion products resulting from

dissolution must be investigated. Deposition consti-

tutes a serious concern with all liquid metals under non-

isothermal conditions (thermal gradient increases the

amount of dissolution and the accumulation of deposits

can lead to plugging [8,9]).

In this paper, we report a study of corrosion and

deposition for austenitic and martensitic steels exposed

to Pb–55Bi under a temperature gradient. It describes

the corrosion behavior and the nature of deposits, and

briefly compares the results with what is known in the

liquid eutectic lead–lithium environment.

2. Experimental

2.1. Materials and tests

The tested materials were an austenitic stainless

steel (type 316L: 67.8Fe–16.83Cr–11.03Ni–2.1Mo–

1.54Mn–0.48Si wt%) and a martensitic steel (type 56T5:

86.49Fe–10.51Cr–0.66Ni–0.65Mo–0.61Mn–0.48Nb–

0.22Si–0.20C–0.18V wt%). They were used as tubes (in-

ternal diameter: 18 mm, length: 300 mm) that were

closed at one end by welding and as small plates (corro-

sion specimens 15� 9� 1:5 mm3). The specimens were

used as received after machining (surface roughness:

0.55 lm). After melting of the Pb–55Bi alloy (55.2Bi–

44.8Pb wt%) under an argon atmosphere to prevent air

contamination, the liquid was maintained at 170–180 �C
for 4 h and the oxides formed at the free surface were

mechanically removed. At 170–180 �C the oxygen sol-

ubility in Pb–55Bi is CO2
� 5� 10�7 wt% [10]. Then, the

tubes were filled (Pb–55Bi amount � 550 g) and the

specimens were introduced as shown in Fig. 1. Finally,

the open end of each tube was sealed under vacuum by

electron beam.

The tubes containing the Pb–55Bi alloy and the

corrosion specimens were placed vertically in a furnace

under a temperature gradient. The gradient was such

that the hot zone of the tube was at the top in order

to minimize thermal convection. The temperature was

measured each centimeter along the tubes, using ther-

mocouples located in fingers placed near the external

surface of the tube.

The hot zone (corrosion area) was about 5 cm high

whereas the temperature variation in non-isothermal

zone was about 10 �C per cm, leading to a temperature

gradient of 220 �C. The test durations were 3000 h. At

the test completion, the heating was stopped and the

tubes were cooled in ambient air.

2.2. Characterization techniques

After the tests, the tubes were opened in a glove box

and then heated in order to empty them and to recover

the plates. Then they were cut longitudinally. Before

weight measurements, one quarter of the tube and the

plates were dipped in a chemical mixture (1/3 ethanol, 1/

3 acetic acid, 1/3 hydrogen peroxide) to remove the re-

sidual Pb–55Bi alloy adhering to the surface. Then

specimens and tubes were cut perpendicularly in several

pieces which were polished. In this manner, the steel/Pb–

55Bi interface was available for observation. The walls

of tubes as 5 cm long pieces (direct view) and the pol-

ished samples (cross-section) were observed by optical

microscopy, scanning electron microscopy (SEM) and

analyzed by microprobe.

3. Results and discussion

3.1. Austenitic steel 316L

The surface of the austenitic steel 316L exposed to

Pb–55Bi locally exhibited a 10–35 lm thick porous fer-

ritic corrosion layer at temperatures above 450 �C (Figs.

2 and 3). The corroded zones represented only 1/10th of

the tube and specimens surface (Fig. 2(a)). The non

uniformity of the attack probably results from the initial

oxide layer at the steel surface (unwetted zones) [5].

SEM and microprobe analysis of the corrosion layer

show that it mainly consists of Fe, almost completely

depleted in nickel (0.2 wt%) and severely depleted in

chromium (1 wt%) [11]. No noticeable change of mo-

lybdenum, manganese and silicium concentrations are

observed [11]. The corrosion layer was filled with Pb–

55Bi and the boundary between the ferritic layer and the

unattacked austenite was well defined with no interme-

diate apparent diffusion layer. The same behavior with a

corrosion on all the specimens surface was obtained in

isothermal liquid static Pb–55Bi with oxygen concen-

Fig. 1. Schematic drawing of the steel tube and plates exposed

to Pb–55Bi.
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tration of 7� 10�8 wt% at T ¼ 500 �C in our COLIM-

ESTA device [11]. In this later case, the corrosion rate

was 230 lmyear�1 by taking into account the ferritic

layer and assuming a linear kinetics. These corrosion

mechanism and magnitude of attack are similar to that

obtained with the dynamic liquid alloy Pb–17Li at this

temperature [3–5]. At T � 475 �C, the corrosion rate was
about 90–180 lmyear�1 in semi-stagnant Pb–17Li [3–5].

In the two cases, it can be explained by a preferential

dissolution of Ni in the liquid due to its high solubility,

when no oxide layer is present to protect the surface.

The existence of a dissolution in the hot part of the

tube implies mass transfers of the elements dissolved

towards the coldest parts.

In the temperature range 360–450 �C, many crystals

were observed adhering to the wall of the tube and in

frozen alloy (Fig. 2). They were very numerous between

410 and 450 �C. Their average composition was 90Fe–

10Cr at about 440 �C and 80Cr–20Fe at about 350 �C
with the same morphology. Therefore, there is a tem-

perature effect on the composition: it changes from iron-

rich to chromium-rich with decreasing temperature. The

Fe/Cr ratio of these crystals decreases continuously with

the temperature. The other elements present in austenitic

steel 316L in particular Ni are not detected in the crys-

tals. The composition of these crystals results from to

the low solubility of iron and chromium in Pb–55Bi,

compared to the high solubility of nickel [10]. In this

respect, the analyses of Pb–55Bi after treatment give 11

ppm of Ni compared to 1 ppm before test. The quantity

of Ni found in the Pb–55Bi after tests was in agreement

with that estimated from to the ferritic corrosion layer

thickness free from nickel.

Finally, in the range of temperatures lower than to

360 �C no deposit is observed.

These observations are in agreement with those re-

ported in literature and obtained with Pb–17Li liquid

alloy [9]. In that case, in regions at temperature ranging

from 500 to 400 �C deposits mainly composed of iron

and chromium (87Fe–11Cr–1Ni–1Mn) were observed in

the hot zone. In addition, for temperatures around 480

�C, crystals of composition 56Fe–44Cr were also de-

tected and in the temperature range 480–450 �C Cr-rich

crystals (70Cr–30Fe) were observed. The presence of Ni

and Mn in crystals comes from their lower limit of sol-

ubility in Pb–17Li than in Pb–55Bi. It also explains that

at temperatures lower than 370 �C the presence of

crystals (36–40)Ni–(25–18)Mn–(35–46)Sn is not found

in the case of Pb–55Bi.

3.2. Martensitic steel 56T5

In contrast with austenitic 316L steel, the corrosion

morphology of 56T5 martensitic steel is characterized by

an homogeneous dissolution without formation of a su-

perficial corrosion layer (Figs. 4 and 5). This dissolution

Fig. 2. Behavior of the austenitic steel 316L plates and the tube

in contact with Pb–Bi liquid under a thermal gradient. t ¼ 3000

h, CO2
� 5� 10�7 wt%. (a) SEM micrograph showing a surface

direct view of the tube (ferritic zone � 1=10th of the wall) and

(b) SEM mircrograph showing Fe–Cr crystals.

Fig. 3. Cross-section micrograph of austenitic steel 316L after

exposure to Pb–Bi at 450 �C for 3000 h, CO2
� 5� 10�7 wt%.
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occurs at temperatures above 480 �C and dissolution

zones are not uniform and represented only 1/50th of the

tube and specimens surface (Fig. 4(a)). For this reason,

it was not possible to determine the specimens loss of

weight. However, an increase in the surface roughness

was observed but microprobe analysis did not show any

chromium or iron depletion near the interface [11]. The

main constituents of this steel seem to dissolve at a

similar rate in molten Pb–55Bi, but cross-section mi-

crograph reveals an 10–20 lm intergranular attack (Fig.

5). The same behavior with a corrosion on all the

specimens surface was obtained in isothermal liquid

static Pb–Bi with oxygen concentration of 7� 10�8 wt%

at T ¼ 500 �C in our COLIMESTA device [11]. In that

case, assuming a linear kinetics, the dissolution rate was

45 lmyear�1. This intergranular attack of the marten-

sitic steels by Pb–55Bi was also observed by Cliffort for

temperatures above 700 �C [12]. A dissolution of the

martensitic steels was also seen in the dynamic (vP 1:9
cm s�1) liquid alloy Pb–17Li at 500 �C, but in that case

no intergranular attack was found [3–5]. The existence

of a dissolution in the hot part of the tube implies mass

transfers of the elements dissolved towards the coldest

parts.

In the 400–480 �C temperature range, the deposition

of corrosion product takes place in a uniform way on the

whole of the tube surface. The deposits consist of crys-

tals very rich in iron (98Fe–2Cr). The composition is

independent of the temperature. The other elements

present in martensitic steel 56T5 are not detected in the

crystals. The composition of these crystals may be at-

tributed to the low solubility of iron and chromium in

Pb–55Bi [10].

Finally, at temperatures lower than 400 �C no deposit

is observed. These observations are different from those

reported in literature obtained with Pb–17Li liquid alloy

[9]. In that case, different types of crystals were detected,

composed of Fe and Cr or a mixture of Fe, Cr, Ni, and

Mn with Fe/Cr ratio decreasing with the temperature.

The deposition process difference in Pb–55Bi and Pb–

17Li can be attributed to the solubility difference of the

metallic elements in Pb–55Bi [12] and Pb–17Li.

4. Conclusions

A series of deposition tests have been carried out in

liquid Pb–55Bi containing austenitic 316L and marten-

sitic 56T5 steel tubes under thermal gradients and oxy-

gen concentrations of around 5� 10�7 wt%.

In the hot zone (T > 450 �C), the 316L specimen

surface is covered by a porous ferritic corrosion layer.

At temperatures below 360 �C deposits composed of

iron and chromium were found. They were Fe rich at the

highest temperatures and Cr rich at the lowest temper-

Fig. 4. Behavior of the plates and the tube martensitic steel

56T5 in contact with Pb–Bi liquid under a thermal gradient.

t ¼ 3000 h, CO2
� 5� 10�7 wt%. (a) SEM micrograph showing

a surface direct view of the tube (dissolution zone � 1=50eme of

the wall) and (b) SEM mircrograph showing 98Fe–2Cr crystals.

Fig. 5. Cross-section micrograph of martensitic steel 56T5 after

exposure to Pb–Bi at 480 �C for 3000 h, CO2
� 5� 10�7 wt%.
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atures. The Fe/Cr ratio of these crystals continuously

decreases with the temperature. At temperatures lower

than 360 �C no deposit is observed.

For the martensitic steel 56T5, above 480 �C, the
corrosion is characterized by a homogeneous dissolution

without the formation of a superficial corrosion layer

but with an intergranular attack. In the range of tem-

perature 400 and 480 �C, the deposits of corrosion

products were composed of iron-rich crystals (98Fe–

2Cr). Their composition is independent of the temper-

ature. In the range of temperatures lower than 400 �C no

deposition was observed.

Thus, at T � 500 �C the austenitic and martensitic

steels are corroding in eutectic Pb–55Bi under a thermal

gradient (500–280 �C), because no protecting oxide layer
is formed if the oxygen content is kept at around

5� 10�7 wt%.
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