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Abstract

The program of corrosion study in liquid Pb–Bi at Japan Atomic Energy Research Institute (JAERI) is described. It

was planned to clarify effects of parameters such as temperature, temperature difference between high-temperature and

low-temperature parts, oxygen concentration in liquid Pb–Bi, flow rate, irradiation, stress and chemical composition of

materials. The program contains the basic corrosion study in static Pb–Bi for elucidation of corrosion mechanism and

effects of oxygen concentration in liquid Pb–Bi and ion irradiation on corrosion behavior. It also contains the corrosion

study in flowing Pb–Bi using a corrosion testing loop. From the initial result of the static corrosion tests in oxygen

saturated Pb–Bi at 550 �C for 500 h, it was shown that the thickness of the corrosion film decreases with increasing Cr
content in steels. � 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Research and development for an accelerator driven

system (ADS) have been carried out widely because it

has possibility to transmute minor actinides and long-

lived fission products in nuclear spent fuel [1–3]. In this

system, liquid Pb alloys would be used as spallation

targets and coolants.

Liquid Pb–Bi or Pb has been studied in the United

States and Europe as nuclear reactor coolants and liquid

metal fuel [4–7]. Liquid Pb–Bi and Pb are more corro-

sive than sodium because the solubility of Ni, Cr and Fe

in them is high [5,6]. For this reason, employment of

inhibitors such as Zr was proposed to use liquid Pb–Bi

as liquid nuclear fuel [6]. However, the study on liquid

Pb alloys was discontinued because of suspension of

development of liquid metal fuel reactor.

On the other hand, the liquid Pb or Pb–Bi technology

has been developed in Russia for nuclear submarine

propulsion. In research and development of liquid Pb or

Pb–Bi technology, it was made clear that corrosion be-

havior is controlled by oxygen concentration in liquid

Pb alloys [8–10]. On this basis, the importance of con-

trolling oxygen concentration is recognized and some

corrosion resistant alloys in liquid Pb alloys have been

developed [8,10].

Recently, liquid Pb alloys have attracted special in-

terest as spallation targets and coolants of ADS on ac-

count of their excellent properties such as good neutron

yield, low melting points, low vapor pressures and

compatibility with water and air [1–3,11–13]. Since liq-

uid Pb alloys are corrosive as described above, corrosion

study in liquid Pb alloys has been carried out actively

focussing development of ADS [14–16].

Corrosion tests using a liquid metal loop are neces-

sary to estimate corrosion behavior in liquid Pb alloys

since erosion and mass transfer caused by solution at

high-temperature parts and precipitation at low-tem-

perature parts are involved. However, static corrosion

tests are useful to investigate corrosion properties and

modes of various kinds of materials and to develop

corrosion resistant materials in liquid Pb alloys [14–16].

In addition, it is essential to estimate effects of irradia-

tion of high-energy protons and neutrons for beam
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window materials when liquid Pb alloys are used as

spallation targets and coolants of ADS.

In this paper, the outline of a corrosion test program

in liquid Pb–Bi at JAERI is firstly described focussing

static corrosion tests, effects of oxygen concentration in

liquid Pb–Bi, estimation of irradiation effects on corro-

sion resistance and loop tests. Furthermore, the initial

result of static corrosion tests and the present status of

loop tests are reported.

2. Outline of R & D plan

Liquid Pb–Bi was chosen at JAERI as spallation

target/coolant from several reasons one of which was

that low operation temperature would be possible be-

cause of its low melting point ð125 �CÞ. However, Pb–Bi
is more corrosive than Pb because the solubility of Ni

and Cr is high in liquid Pb–Bi. Therefore, corrosion tests

in static Pb–Bi and tests using a Pb–Bi loop are carried

out.

2.1. Corrosion in static Pb–Bi

Corrosion in liquid Pb alloys is principally caused by

high solubility of main alloying elements [5,6]. However,

the protective oxide film formed on metal surface in

liquid Pb alloys prevent from leaching of alloy compo-

nents according to experiences in Russia [8–10] and

recent experimental results [14–16]. Therefore, the sol-

ubility of alloying elements is not the only key parameter

to control corrosion in liquid Pb alloys [8,14,15].

Corrosion behavior in liquid Pb alloys is not fully

understood because many parameters such as oxygen

concentration, temperature and various alloying ele-

ments influence it. It is essential to carry out the well-

designed experiment using the apparatus with care of

controlling oxygen concentration in order to clarify ef-

fects of these parameters on corrosion behavior.

Fig. 1 shows oxygen potential with PbO, Fe3O4,

Cr2O3 and so on. According to experimental results of

IPPE in Russia [8–10], recommendation for corrosion

resistance in liquid Pb–Bi is the condition of oxygen

potential where Fe3O4 forms without PbO precipitation:

0:5DG0 ðFe3O4Þ < RT ln PO2 < 2DG
0 ðPbOÞ; ð1Þ

where DG0 is the Gibbs energy for formation of oxides
[17], PO2 oxygen partial pressure, R gas constant and T

absolute temperature. Oxygen partial pressure for PbO

formation is about 2� 10�19 (MPa) at 550 �C and that
for Fe3O4 is about 3:5� 10�28 (MPa) at 550 �C. This
low oxygen partial pressure can be obtained by using the

constant ratio of H2/H2O.

H2 þ 1=2O2 ¼ H2O; ð2Þ

PO2 ¼
P 2H2O
P 2H2

exp
2DG0ðH2OÞ

RT
; ð3Þ

where PH2O and PH2 are partial pressure of H2O and H2,

respectively. Lines of the constant H2/H2O are also

drawn in Fig. 1. When we choose a H2/H2O ratio of 0.1,

we can get the condition of Fe3O4 formation without

PbO precipitation. When we choose a H2/H2O ratio of

100, neither PbO nor Fe3O4 will be formed. Dissolution

of oxygen in liquid Pb alloys follows Siverts’ law.

CO ¼ KðPO2Þ
1=2

; ð4Þ

where CO is oxygen concentration in liquid Pb alloys and
K is the Siverts’ constant. Solubility of oxygen in liquid

Pb–Bi is expressed by the following equation [9].

logCS ¼ 1:2–3400=T ð5Þ

where CS is saturation oxygen concentration (mass%).
Saturation oxygen concentration in liquid Pb–Bi is

about 1:2� 10�3 mass% at 550 �C.
A schematic diagram of the static corrosion equip-

ment in Pb–Bi is shown in Fig. 2. The retort contacting

molten Pb–Bi is made of quartz. The specimens are

pulled out from the molten Pb–Bi when the experiment

is completed. Purging gas of a constant H2/H2O ratio is

a good methodology to control oxygen concentration in

liquid Pb–Bi. The test temperature will range between

350 �C and 600 �C. Development of an oxygen sensor
used in liquid Pb alloys is also an important research

item. Tests of oxygen sensors will be performed using

Fig. 1. Oxygen potential diagram of PbO, Fe3O4 and other

oxides as a function of temperature. Dotted lines of constant

H2/H2O ratio are also drawn.
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the static corrosion equipment. At present, tests are

planned for an oxygen sensor using ZrO2 stabilized by

Y2O3 as a solid electrolyte and Pt/air as a reference

system. Oxygen sensors operating at lower temperatures

will be developed.

Table 1 shows chemical composition of tested mate-

rials. Effects ofCr andNi contents in steels on corrosion in

liquid Pb–Bi are studied using 2.25Cr–1Mo steel, F82H,

Mod.9Cr–1Mo steel, austenitic stainless steel, JPCA

(14Cr–16Ni–2Mo), 410ss 430ss and pure iron. The F82H

is a reduced activation martensitic steel developed for

nuclear fusion reactor and the JPCA is also an austenitic

stainless steel developed for nuclear fusion application in

Japan. Tests of coating materials will be carried out be-

cause surface treated steels after alloying Al had excellent

corrosion resistance in liquid Pb [14,15]. The size of cor-

rosion specimens was 15 mm� 30 mm� 2 mm.
Furthermore, effects of irradiation on corrosion will

be investigated using Takasaki ion accelerators for ad-

vanced radiation application (TIARA) apparatus at

JAERI. Radiation damages in austenitic stainless steels

for a high power spallation source have been studied

using triple ion beam irradiation technique [18]. Fig. 3

shows a schematic diagram showing our procedure to

study the irradiation effect on corrosion using ion irra-

diation. Displacement damage can be obtained by irra-

diation of Ni3þ or Fe2þ. Ions of Heþ and Hþ can be

simultaneously implanted. The following ion irradiation

is planned: An Fe2þ dose of 15 dpa will be used with or

without injected helium of 1500 appm and hydrogen of

10 000 appm. Property change of surface films by ion

irradiation and corrosion will be studied using indenta-

tion techniques [19].

2.2. Corrosion in flowing Pb–Bi

A liquid Pb–Bi loop is necessary to perform corro-

sion tests in flowing Pb–Bi and to investigate mass

transfer and effects of flow rate on corrosion behavior.

Fig. 4 shows a flow diagram of the Pb–Bi loop for ma-

terials test. This loop has a simple structure consisting of

electromagnetic pump, heater, test section, cooler, ex-

pansion tank, electromagnetic flow meter, dump tank

etc. Maximum temperature is 450 �C. Fluid volume is
0:015 m3 and velocity at the test section is 1 m/s. Tube

type test specimens are used at present. Higher velocity

is possible by employing different size and shape of test

pieces. Objectives of the liquid Pb–Bi loop are the fol-

lowing: estimation of corrosion property of candidate

materials for a beam window in flowing liquid Pb–Bi

and establishment of liquid Pb–Bi technology including

oxygen control system and flow measurement. Oxygen

sensors will be placed into the material testing Pb–Bi

loop. Materials showing good corrosion resistance in

stagnant corrosion tests will be tested in the Pb–Bi loop.

3. Experimental results and discussion

3.1. Results of corrosion in static Pb–Bi

Initially the static corrosion test was performed in

oxygen saturated Pb–Bi at 550 �C for 500 h for mate-

Table 1

Chemical composition of materials tested in the static corrosion experiment (mass%)

C Si Mn Cr Ni Mo Fe V N W Ti Al

F82H 0.095 0.10 0.01 7.72 <0.02 <0.01 Balance 0.18 0.010 1.95 0.005 <0.001
Mod.9Cr–1Mo steel 0.10 0.30 0.40 8.41 0.06 0.88 Balance 0.20 0.047 <0.0005 <0.01 0.033

14Cr–16Ni–2Mo

(JPCA)

0.058 0.50 1.54 14.14 15.87 2.29 Balance 0.03 0.003 0.010 0.22 0.012

410ss 0.067 0.31 0.80 12.21 0.12 0.02 Balance 0.07 0.013 – <0.01 0.002

430ss 0.080 0.52 0.23 16.24 0.15 0.02 Balance 0.10 0.024 – <0.01 0.007

2.25Cr–1Mo steel 0.10 0.34 0.44 2.18 0.02 0.92 Balance 0.01 0.009 – <0.01 0.002

Fe 0.002 – – – – – Balance – 0.001 – – –

Mo 0.014 – – – – Balance – – – 0.016 – –

Fig. 2. Schematic diagram of the static corrosion equipment in

liquid Pb–Bi.
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rials shown in Table 1. In this experiment, Ar gas con-

taining several percentage of O2 was used as cover gas

over liquid Pb–Bi. PbO with about 1 mm thickness

formed on the surface of the molten Pb–Bi during the

corrosion test. Test specimens were pulled out from the

molten Pb–Bi and cooled in the cover gas. Although test

specimens were washed in silicon oil at about 170 �C,
adherent Pb–Bi could not be removed from the specimen

surface completely.

The cross-section of the tested specimen was ob-

served using optical microscope, laser microscope and

EPMA after cutting corrosion specimens. Fig. 5 shows

optical micrographs of the cross-section of materials

after corrosion in oxygen saturated Pb–Bi at 550 �C for
500 h. Nickel was plated on the specimen surface to

protect corrosion films. The lead–bismuth stuck to the

specimen surface during pulling out from the molten

Pb–Bi was found in several samples (Fig. 5(b), (d), (f)

etc.). Thickness of the corrosion film changes depending

on materials. The corrosion film of pure iron is the

thickest as shown in Fig. 5(g). The corrosion film of

F82H, Mod9.Cr–1Mo steel and 2.25Cr–1Mo steel is

thicker than that of austenitic stainless steel, JPCA.

Type 410ss, type 430ss and Mo have thin corrosion

films. Pores are observed beneath the corrosion film in

Fig. 5(a) and (b). It is also observed that corrosion

proceeds along grain boundaries in JPCA as shown in

Fig. 5(c). Fig. 6 shows the relationship between thick-

ness of corrosion film and Cr content in steels. From this

figure, there seem to be four groups of steels which have

different corrosion properties in oxygen saturated Pb–Bi

at 550 �C: pure iron with the thickest corrosion film,
steels containing 2:25–9%Cr with about 20 lm thickness
corrosion film, JPCA and martensitic/ferritic stainless

steel containing 14–16%Cr with very thin corrosion film.

Fig. 7 shows the result of EPMA observation of the

cross-section of F82H specimen immersed in oxygen

saturated Pb–Bi at 550 �C for 500 h. There are three

zones formed by corrosion. Outer corrosion film consists

of magnetite without appreciable Cr. Inner corrosion

film is considered to be Cr–Fe spinel. In addition,

aggregates of pores are observed beneath the inner

corrosion film. The result of EPMA observation of the

cross-section of JPCA specimen is shown in Fig. 8.

Corrosion films of the JPCA are also composed of the

outer magnetite and the inner Fe–Cr spinel. High con-

centration of Ni is observed in the Fe–Cr spinel. Fur-

thermore, Pb is found in the magnetite formed on JPCA.

As shown in Fig. 6, thickness of the corrosion film de-

creases with increasing Cr content in steel. From the

EPMA analysis, it is considered that the inner Cr–Fe

spinel lowers the growth rate of the oxide film. However,

it was also reported that the corrosion rate increased in

liquid Pb at 600 �C with increasing Cr content in the

Fig. 4. Flow diagram of material testing Pb–Bi loop.

Fig. 3. Schematic diagram showing procedure to study radiation effect on corrosion behavior.
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alloy [20]. Tests with much longer immersion times in

liquid Pb–Bi and loop tests will be necessary to confirm

the role of Fe–Cr spinel.

3.2. Present status of corrosion tests in flowing Pb–Bi

The corrosion test using the Pb–Bi loop was per-

formed under the condition of 450 �C at high-tempera-
ture parts and 400 �C at low-temperature parts. The test
section was a tube with inner diameter of 9.8 mm and

outer diameter of 13.8 mm, and made of type 316ss.

Before starting the corrosion test, the Pb–Bi loop was

fully evacuated and degassed. High purity Ar (99.995%

purity) was used as the cover gas in a expansion tank

and a dump tank. According to observation from a

view-port, it was found that a little oxidation occurred

on the surface of molten Pb–Bi of the expansion tank.

Velocity of liquid Pb–Bi at test section was 1 m/s. Ini-

tially the electromagnetic flow meter was calibrated. We

measured the output of the electromagnetic flow meter

Fig. 5. Optical micrographs of the cross-section of (a) F82H, (b) Mod.9Cr–1Mo steel, (c) JPCA(14Cr–16Ni–2Mo), (d) 410ss, (e) 430ss,

(f) 2.25Cr–1Mo steel, (g) Fe and (h) Mo. The corrosion test was carried out in oxygen saturated Pb–Bi at 550 �C for 500 h.
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and time required for flow of constant quantity of liquid

Pb–Bi in the expansion tank down to the damp tank. As

shown in Fig. 9, a linear relationship between the output

and actual flow rate of liquid Pb–Bi was obtained. The

corrosion test in the Pb–Bi loop will be continued until

3000 h. After the corrosion test up to 3000 h, we will

carry out the inspection of the test section, electromag-

netic flow meter and electromagnetic pump.

4. Concluding remarks

Corrosion in liquid lead alloys as well as irradiation

under a spallation condition are important issues for

development of ADS. Since corrosion behavior in liquid

Pb–Bi alloy is influenced by temperature, temperature

difference between hot and cold parts, oxygen concen-

tration in liquid Pb–Bi alloy, flow rate, irradiation, stress

and chemical composition of materials, a research and

development program was planned to clarify effects of

these parameters on corrosion behavior. This program

contains the basic corrosion study in static Pb–Bi and

the corrosion study in flowing Pb–Bi.

In the study in static Pb–Bi, corrosion tests are per-

formed using 2.25Cr–1Mo steel, Mod.9Cr–1Mo steel,

JPCA(14Cr–16Ni–2Mo), type 410ss, type 430ss, pure

Fig. 8. EPMA of the cross-section of JPCA(14Cr–16Ni–2Mo)

specimen. The corrosion test was carried out in oxygen satu-

rated Pb–Bi at 550 �C for 500 h. Line analysis was performed at
the arrow position.

Fig. 6. Relationship between thickness of the corrosion film

and Cr content in steels. The corrosion test was carried out in

oxygen saturated Pb–Bi at 550 �C for 500 h.

Fig. 7. EPMA of the cross-section of F82H specimen. The

corrosion test was carried out in oxygen saturated Pb–Bi at

550 �C for 500 h. Line analysis was performed at the arrow

position.
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metals and coated alloys for elucidation of corrosion

mechanism. Effects of alloying elements, oxygen con-

centration in Pb–Bi and radiation using ion irradiation

will be studied. From the initial results of the static

corrosion test in oxygen saturated Pb–Bi at 550 �C for
500 h, it was shown that the thickness of corrosion films

decreases with increasing Cr content in steels. A Pb–Bi

loop was constructed to carry out the corrosion test in

flowing Pb–Bi. Purposes of the Pb–Bi loop are the esti-

mation of corrosion property of candidate materials of a

beam window and the establishment of liquid Pb–Bi

technology. The corrosion test up to 3000 h is being

continued using the Pb–Bi loop at present. It is essential

to conduct tests with longer immersion times and loop

tests in order to estimate corrosion property in liquid

Pb–Bi for materials of ADS.
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