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Abstract

R& D on lead-bismuth technology have been conducted for an accelerator-driven system. From the test
results of 316SS using JLBL-1 for 3 000 h without active oxygen control, mass transfer from high
temperature to low temperature parts was observed. It was found that deposition of Pb/Bi and Fe-Cr
grains in the annular channel of the electro-magnetic pump caused plugging and decrease in flow rate.
The modification of the loop system brought about a good effect on operation. Significant erasion/
corrosion was not observed in the experiment using the MES loop for 1 000 h under 107 wt.% oxygen
conditions. The results of static corrosion tests showed the following: corrosion depth decreased at
450 Cwithincreasing Cr content in stedswhile corrosion depth of JPCA and 316SS became larger due
to ferritisation caused by dissolution of Ni and Cr at 550 C. Si-added steel exhibited good corrosion
resistance at 550 C.
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Introduction

The management of high-level radioactive wastes (HLW) is one of the most important issues for
the utilisation of nuclear fission energy. The accelerator-driven transmutation system (ADS) is an
attractive system which enables to incinerate long-lived nuclear wastes such as minor actinides by
combining a proton accelerator, spallation target and subcritical core [1,2]. Therefore, research and
development (R& D) concerning the ADS have been carried out in recent years.

Liquid Pb-Bi eutectic (LBE) isapotentia candidate of thetarget and coolant for the ADS. The LBE
has the advantage of alow melting point, low vapour pressure, good neutron yield, low neutron absorption
and chemical stability in comparison with sodium. However, L BE technol ogies have not yet been fully
established for nuclear systems. In particular, corrosion of structural materials is a concern due to the
high solubility of the main elements of the structural materialsin LBE.

In order to realise the ADS, JAERI has started a wide range of R&D activities: design study of a
large-scale ADS, superconducting linear accelerator, LBE and subcritical reactor physics technologies.
In the LBE technologies, four main fields are being studied: 1) corrosion of structura materials,
2) thermal-hydraulics of LBE, 3) behaviour of radioactive impurities, and 4) irradiation damage of
materials by protons and neutrons. R& D activities on corrosion of structural materials are reviewed in
this paper.

Liquid metal loops are often used to estimate the actual corrosion behaviour in LBE since velocity
effect, erosion and mass transfer caused by solution at high-temperature parts and precipitation at
low-temperature parts are involved in the ADS plant. The LBE loop for materia corrosion (JLBL-1)
was installed at JAERI in January 2001 and corrosion tests have been conducted [3,4]. Furthermore,
material corrosion loop tests are underway at Mitsui Engineering & Shipbuilding Co., Ltd. (MES) asa
joint research to accumulate a materials database for the ADS. Static corrosion tests are also useful for
understanding corrosion mechanisms and screening various materials. The purpose of this paper is to
describe the status and results of LBE loop tests and static corrosion tests. Firgt, the design of alarge-scale
ADSwill be shortly introduced. After results of material corrosion testsusing JLBL-1 are described, the
results obtained in an oxygen-controlled LBE using the MES loop are discussed. In addition, static
corrosion test results are presented focusing on the effects of temperature and alloying elementsin steels
on corrosion behaviour.

Design of alarge-scale ADS

The ADS proposed by JAERI is an 800 MWth, LBE-cooled, tank-type subcritical reactor with a
gpallation target of LBE. Figure 1 shows aconceptual drawing of the 800 MWth L BE-cooled ADS. Two
criteriawere set regarding the thermal-hydraulics and the beam window: 1) the flow rate of LBE should
not exceed 2 m/sec and 2) the outer surface temperature of the beam window should not exceed 520 C.
As aresult of some design modifications, the coolant inlet temperature and outlet temperature were
300 C and 410 C, respectively. Figure 2 shows the results of thermal-hydraulics and temperature
analyses for the LBE target and beam window.

Corrosion testsusing JLBL-1

Figure 3 showsan initia flow diagram of JAERI materialstesting of the Pb-Bi loop (JLBL-1). This
loop consists of an eectro-magnetic pump, a heater, a test section, a cooler, an expansion tank, an
electro-magnetic flow meter and adump tank. The electro-magnetic pump isalinear inductive type with
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Figure 1. Concept drawing of 800 MWth ADS
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Figure 3. Flow diagram of materialstesting Pb-Bi loop (JLBL-1)
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an annular channel. The test section is a specimen tube with an inner diameter of 9.8 mm and a tube
thickness of 2 mm. All of the materials for the piping and tanks in contact with LBE were type 316SS.
In thefirst and second tests, type 316SS was used as a specimen tube. During the first test, the maximum
temperature, the temperature difference and the flow velocity at the test section were 450 C, 50 C and
about 1 m/s, respectively. Initially the electro-magnetic flow meter was calibrated. The calibration curve
was obtained from the correl ation between the EMF output and the flow rate measured from thetimein
acongtant level change in the expansion tank during the drainage. Figure 4 shows a schematic diagram
of the eectro-magnetic flow meter and the calibration curve obtained at 400 C. Electrodes of the
€lectro-magnetic flow meter contact with flowing Pb-Bi in the flow channel. As shown in Figure 4, a
linear relationship between the output and the flow rate was obtained. An argon gas of 99.95% purity
covered the expansion tank during the operation. Oxygen in LBE was not controlled actively. Thin
floating oxide was observed on the surface of L BE in the expansion tank through the observing window.
It was thus considered that the oxygen concentration under operation was the saturation concentration,

3.2 - 10* wt.%.

Figure 4. Schematic diagram of an electromagnetic flow meter and the relationship between
flow rate and the output of the flow meter. The temperature of liquid Pb-Bi was 400 C.
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Thefirst test result of JLBL-1 isdescribed hereafter. After thefirst test of about 3 000 h (3 126 h), a
specimen, circulation tubes and an electro-magnetic pump channel were cut and inspected. Figure 5
showsthe axial cross-section of type 316SS specimen tube after the corrosion test. As can be seeninthis
figure, pitsand hollows are observed and agrain boundary fissureis also recognised. Thefina treatment
of the type 316SS specimen tube was cleaning with hot acid. Since this treatment produced deeply dug
grain boundaries, it is considered that the rough surface with deeply dug grain boundaries accelerated
corrosion/erosion by flowing Pb-Bi. The corrosion depth of type 316SS at the high-temperature part is
estimated to be about 100 mm/3 000 h.

Figure5. Corrosion of type 316SS tube specimen after
thefirst corrosion test in liquid Pb-Bi using JLBL-1
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A decrease in the flow rate with increasing operation time was experienced during the first test.
It was remarkable when the corrosion test was restarted after draining of Pb-Bi on account of a stoppage
of electric supply. In order to examine the cause of the decreasein flow rate, not only a specimen but also
circulation tubes and an electro-magnetic pump channel were inspected. Figure 6 shows an appearance
of the shaft of the electro-magnetic pump and the analysis of the depositsin achannel. It was found that
grey, thick deposits formed in the narrow channel causing plugging and the decrease in flow rate.
As shown in Figure 10, the deposits consist of Pb/Bi and grains of Fe-Cr ferrite. Precipitation of these
grains consisting of Fe-Cr (Fe:Cr = 9:1) was widely found on the circulation tubes at 400 C[3]. The
considered process of dissolution and precipitation is the following: Fe, Cr and Ni are dissolved into
Pb-Bi from type 316SS at the high-temperature parts and Fe-Cr grains precipitate at the |ow-temperature
parts according to the difference in solubility.

Figure 6. Analysis of depositsin a narrow channel of the
electro-magnetic system: EDX analysis of cross-section of deposits
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In the second corrosion test, modification of JLBL-1 and the tube specimen was carried out. Three
metallic filters were set and the channd of liquid Pb-Bi in the EMP system was made wider in JLBL-1.
Although an oxygen control system and an oxygen sensor were also set in theloop, they were not used in
the second corrosion test. The inner surface of type 316SS tube specimen was mechanically polished
before testing. Other experimental conditions in the second corrosion test were the same as those in the
first one. Decrease in Pb-Bi flow was not observed up to 3 000 h in the second test. It is considered that
addition of metallic filters to JLBL-1 and modification of the EMP system had a positive effect on the
operation of the Pb-Bi loop system. Furthermore, the corrosion depth of type 316SS was reduced to
about 20 mm in the second loop test.

Corrosion testsusing MES loop

A materia corrosion test was conducted using an MES loop to accumulate a wide range of
corrosion data in LBE. Figure 7 shows a flow diagram of the MES loop. The loop consists of an
€lectro-magnetic pump, an electro-magnetic flow meter, an economiser, a heater, a test section, an air
cooler, an expansion tank, oxygen sensors, an oxygen control system, filters and a dump tank. Oxygen
sensors produced by MES were set in the loop. Yttria-stabilised zirconia (Y SZ) solid electrolyte and a
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Figure 7. Flow diagram of the Mitsui Engineering and Shipbuilding Co., Ltd (MES) loop
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Bi/Bi,O; reference el ectrode were used in the oxygen sensor. Bubbling of Ar-H, gas and Ar-H,/H,O gas
was used for the control of oxygen concentration in LBE. Figure 8 shows the arrangement of specimens
and Pb-Bi flow direction at the test section in MES loop. The relationship between the specimen and the
Pb-Bi flow simulated that between the beam duct and Pb-Bi flow in the conceptua drawing of the ADS.
Theliquid Pb-Bi collides thetip of specimens and flows up the side of specimens axialy. The specimen
was rod-type with a diameter of 8 mm and a length of 130 mm. JPCA (15Cr-15Ni-2Mo) and F82H
(8Cr-2W) steelswere used as specimens. During the test using the MES |oop, the maxi mum temperature,
temperature difference and flow velocity at the test section inlet were 450 C, 100 C and 0.4~0.6 m/s,
respectively. Oxygen concentration in LBE was controlled to 1 - 107 wt%. The test time was 1 000 h.

Figure 8. Schematic drawing of test section in the MES loop and rod-type corrosion specimens
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Figure 9 shows a cross-section of the F82H specimen after corrosion for 1 000 h. Significant
corrosion/erosion was not observed at either the tip or side parts at 450 C for 1 000 h. Uniform oxide
films were formed on the surface of al partsincluding the tip. From electron-probe micro analysis and
X-ray diffraction results, the oxide films consist of outer magnetite, Fe;O, and inner spinel Fe-Cr oxide.
Thethickness of the oxide filmswas from 6 to 8 mm. The thickness of the oxidesformed on F82H in this
study was below half that formed on 2.25Cr-1Mo steel tested under similar conditions at the Institute for
Physics and Power Engineering (IPPE) loop. As seen in Figure 10, no significant corrosion/erosion was
observed for the JPCA specimen, although there were small hollows with a depth of 1~2 mm near the
corner of thetip. A hole with adepth of 8~10 mm was also observed near the corner of JPCA (Figure 11).
The oxide film was not detected on the surface of the JPCA specimen by usual methods. A corrosion test

with a maximum temperature of 500 C is underway using the MES loop. Corrosion tests with longer
times are also scheduled.

Figure 9. Cross-section of F82H specimen after corrosion test for 1 000 h using the MES loop
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Figure 10. Cross-section of JPCA specimen after corrosion test for 1 000 h using the MES loop

4_
Pb-Bi Flow

273



Figure 11. A hole with a depth of 8~10mm observed
on the corner at JPCA specimen after corrosion test
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Static corrosion tests

Static corrosion tests of various steels were conducted in oxygen-saturated liquid Pb-Bi at 450 C
and 550 C for 3 000 h to study the effects of temperature and alloying elements on corrosion behaviour.
Materials used in the experiment were F82H (8Cr-2W), Mod.9Cr-1Mo (9Cr-1Mo), 410SS (12Cr),
430SS (16Cr), 2.25Cr-1Mo, Fe, JPCA (15Cr-15Ni), 316SS (17Cr-11Ni) steels and Si-added stedl,
SX (18Cr-19Ni-5S). The size of corrosion specimenswas 15 mm - 30 mm - 2 mm, and ahole 7.2 mm
in diameter was made at the top of the specimen for installation. Figure 12 shows a schematic drawing of
static corrosion equipment. Components contacting liquid Pb-Bi were made of quartz in the corrosion
equipment. Fresh eutectic Pb-Bi (45Pb-55Bi) of 7 kg was used in the test. The Pb-Bi was melted in a pot
under an argon gas environment. Argon gas of 99.9999% purity was used as a cover gas over the liquid
Pb-Bi. Corrosion tests were conducted at 450 C and 550 C for 3 000 h. A thin PbO film was formed on
the surface of the liquid Pb-Bi and corrosion tests were made in oxygen-saturated liquid Pb-Bi. Oxygen
saturation concentration was estimated to be 3.2 - 10 wt.% at 450 C and 1.2 - 10~ wt.% at 550 C
using the equation in the literature [5].

Figure 12. Schematic drawing of static corrosion equipment in liquid Pb-Bi
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Figure 13 shows the relationship between corrosion depth and Cr content in steels with some
scanning electron microscope (SEM) images after corrosion at 450 C. Corrosion depth decreased at
450 Cwithincreasing Cr content inthe steelsregardless of ferritic/martensitic steels or austenitic steels.
The corrosion depth of Si-added steel, SX, was very small. The corrosion films of the steels, except for
SX, were oxides of Fe and Cr. A decrease in Cr, Ni and Fe concentrations was not observed near the
surface region from the results of EDX anaysis for JPCA and 316SS specimens after corrosion at 450 C;
itis considered that appreciable dissolution of these elements has not occurred under these conditions.

Figure 13. Results of static corrosion test at 450 C for 3000 h
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On the other hand, the thick ferrite layer produced by dissolution of Ni and Cr was formed on the
surface of JPCA and type 316SSwith low S contents. Pb and Bi penetrated into the formed ferrite layer.
Figure 14 shows the rel ationship between corrosion depth and Cr content in steelswith some SEM images
after corrosion at 550 C. The corrosion depth of ferritic/martensitic steels, which is shown as atriangle
in the figure, also decreases at 550 C with increasing Cr content in the steels while corrosion depth of
austenitic steels, JPCA and 316SS, becomes large because of the formation of the ferrite layer at 550 C.

Figure 14. Results of static corrosion test at 550 C for 3000 h
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The corrosion depth of SX isvery small at 550 Cin spite of the austenitic steel. A protective oxide film
composed of Si and O is formed on the surface of SX containing 4.8% Si during corrosion in liquid
Pb-Bi at 550 C. Thethin oxidefilm preventsdissolution of Ni and Cr into Pb-Bi and the steel containing
Si shows excellent corrosion resistance in LBE [6]. Martensitic steels containing S were devel oped for
nuclear usein Russia[7]. Russian martensitic steel with 1.8% Si exhibited good corrosion resistance in
flowing liquid Pb-Bi [8,9]. Some Al surface-alloyed steels also showed good corrosion resistance in
flowing liquid Pb-Bi [10Q]. It is considered that SX steel exhibited good corrosion resistance in LBE
because of its high Si content, about 5%.

Conclusions

Research and development on lead-bismuth technology for ADS have been conducted at JAERI
and MES as ajoint research programme with progress of design study of alarge-scale ADS. The main
results are as follows:

e From the first test result of JLBL-1, mass transfer from high-temperature to low-temperature
parts was observed. Grains of Fe-Cr precipitated at the low-temperature parts. The corrosion
depth of type 316SS at the high-temperature part was estimated to be about 100 mm/3 000 h.
From experience of operating JLBL-1, it wasfound that deposition of Pb-Bi and Fe-Cr grainsin
the annular channel of the electro-magnetic pump caused plugging and decrease in flow rate.
The modification of theloop system such as adoption of metallic filtersand awide channel, and
the use of an inner-polished 316SS tube brought about a good effect.

e The corrosion test using the MES loop was conducted under the condition where the liquid
Pb-Bi collides with the tip of rod-type specimens under oxygen-controlled conditions.
Significant corrosion/erosion was also not observed for F82H and JPCA specimens in the
experiment for 1 000 h under 10> wt.% oxygen condition. Oxygen control techniquesin LBE
were obtained through operating the MES loop.

e The results of static corrosion tests under oxygen-saturated conditions showed effects of
temperature and aloying elementsin steels on corrosion behaviour. Corrosion depth decreased
at 450 C with increasing Cr content in steels regardless of ferritic/martensitic steels or austenitic
steels. The corrosion depth of ferritic/martensitic steels al so decreased at 550 C with increasing
Cr content in steel's, whereas the corrosion depth of austenitic steels, JPCA and 316SS became
larger due to ferritisation caused by dissolution of Ni and Cr at 550 C than that of ferritic/
martensitic steels. An austenitic stainless steel containing about 5% Si exhibited fine corrosion
resistance at 550 C because the protective Si oxide film was formed.
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