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Abstract

Abstract

Application of lead-bismuth eutectic (Pb-Bi) to a coolant of fast breeder reactors
(FBRs) is proposed due to the favorable neutronic characteristic, thermal hydraulic
property and inactive with air and water. The corrosion of structural and cladding
materials is one of the critical issues for the development of Pb-Bi cooled FBR (LFRs).
The purpose of the thesis work is to outline the corrosion inhibition by using corrosion
resistant materials and chemical control method in the flowing Pb-Bi. The various
studies, which involve the corrosion phenomena in the flowing Pb-Bi, were done with
the experimental approach. The results of the research are reported in.nine chapters, and
each chapter is summarized as follows;

In Chapter 1 — Introduction, the background and the corrosion study for the use of
Pb-Bi as LFR coolant were introduced. Journals and literatures were reviewed in detail
to illustrate the study on Pb-Bi corrosion. The purpose and outline of this thesis work
were described. '

In Chapter 2 — Chemical Control of Liquid Alloy, the performances of the solid
electrolyte type oxygen sensor and mass exchanger (MX) type oxygen control system
(OCS) were investigated.

It was found that the solid electrolyte type oxygen sensor had reliability for the
long-term use in the flowing Pb-Bi. The performances of the sensor cells made of yttria
stabilized zirconia and magnesia stabilized zirconia were the same, even though the
former one caused the erosion.

In the study on the MX type OCS, it was found that the oxygen exchange between the
flowing Pb-Bi and PbO was depended on the solubility of the oxygen in the Pb-Bi, that
is, the oxygen concentration depended on the reaction temperature of the PbO sinter
with Pb-Bi. According to a calculation applying the Nernst equation to the EMF signals,
the oxygen concentration was controlled between 1x10° wt% (temperature of PbO
sinter: 315°C) and 3x10° wt% (temperature of PbO sinter: 280°C), where is the
corrosion-inhibition region. Finally, it was concluded that the oxygen concentration in
the Pb-Bi flow can be controlled by using the oxygen sensor and MX type OCS.

In Chapter 3— Liquid Metal Corrosion and Erosion Behaviors of Steels in F lowing
Lead Bismuth, the mechanism of erosion and corrosion of steels in the Pb-Bi flow was
investigated. Nine steels were simultancously exposed to the Pb-Bi flow at the
temperature of 550°C, the loop temperature difference of 150°C, the flow velocity of
2m/s for 1,000 hours. The liquid metal corrosion (LMC), or Pb-Bi penetration into
steels occurred in all the steels, and severe erosion took place in some of the steels
under low oxygen concentration of 1.57x10"'°wt% in the Pb-Bi. The corrosion layer
penetrated by Pb-Bi were deeper in the steels containing lower content of Cr. The
erosion was caused by hydrodynamic carrying away of weakened surface materials due
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to Pb-Bi penetration. Finally, it was explained that the large-scale erosion could be
caused by the detachment of lumps of corroded materials that had defects formed by
dissolution of alloying elements.

In Chapter 4- Oxidation Corrosion Behaviors of Steels in Flowing Lead-Bismuth,
an oxidation corrosion characteristics of various steels in the flowing Pb-Bi were
investigated by means of steel corrosion test performed in the flowing Pb-Bi for 1,000
hours. It was found that the LMC was inhibited by single or multiple oxide layers
formed on the steel surfaces. The oxide layers can be classified to an inner layer and an
outer one. The existence of the inner oxide layer might be more important for the
corrosion resistance since the inner one was compact and stuck to the steel surface
while the outer one was easily broken into small pieces with cracks and peeled from the
substrate. Finally, it was discussed that an oxidation corrosion could be caused by the
detachment of the unstable oxide layers in the flowing Pb-Bi. The stability of the
formed oxide layers was discussed with Pilling-Bedworth ratio of the layers.

In Chapter 5— Effect of Surface Treatment of Steels on Corrosion Resistance, the
effects of pre-oxidation and surface roughness of steels on corrosion in the flowing
Pb-Bi were studied experimentally. »

The corrosion characteristics of pre-oxidized steels were investigated by means of
short term corrosion test with the specimens of SS430 SS405, SUH3, STBA26, SS316
and SCM420, which are pre-oxidized in moist air at the temperature of 500°C, partial
pressure of water vapor of 92.5mmHg and oxidation time of 12, 24 and 72 hours. The
weight losses of the pre-oxidized steels were lower than those of the test pieces without
pre-oxidation, which means that the initial corrosion was inhibited by the existence of
the preformed layers. However, the pre-formed oxide layer could not be observed after
the exposure because they were flowed out by the heavy density fluid flow. The layer
different form the pre-formed one was observed. Then, it was concluded that the
preformed oxide layer was effective only for initially. And, the self-healed oxide layer
was formed and the layer inhibited the corrosion after the flowed out of the preformed
oxide layers.

The effect of surface roughness of the steels on the corrosion behaviors was
investigated by the exposure of the specimens, which had the surface of smooth, rough
and their middle roughness, in the flowing Pb-Bi at the temperature of 550°C. As the
test steels, 12Cr- and 9Cr- steels were selected. In the surface-smoothened specimens,
compact oxide layers were formed on the surfaces. In the surface-roughened specimens,
oxide layers with cracks were detected on their surfaces, and the cracks mainly existed
around the convex part of the substrate. This implies that frictional and shear stress by
the heavy density Pb-Bi flow concentrated in.the layer at the convex part of the
substrate. It was found that the rough surfaces of steels promote the oxidation corrosion
in the flowing Pb-Bi, while the steels with smooth surfaces form compact oxide layers.

vi



Abstract

In Chapter 6- Effect of Alloying Elements in Steels on Corrosion Resistance, the
effect of steel alloying elements, Cr, Si, and Al in steels on the corrosion resistance of
the steels in the flowing Pb-Bi was described. :

The corrosion characteristics of high Cr steels were investigated by means of
“corrosion tests with steels, which have various Cr contents of steels in the flowing
Pb-Bi. SS430 (18-Cr steel) showed excellent corrosion resistance after the exposure in
the flowing Pb-Bi at 550°C up to 2,000 hours. The weight loss of the SS430 specimen
in the Pb-Bi flow was negligibly small and much lower than the other steels. This is
because the SS430 steel formed the Cr rich single layer, and the Cr-rich layer had
resistance not only for the LMC but also for the oxidation corrosion in the flowing
Pb-Bi.

The corrosion resistance of Si- and Al-rich steels in the flowing Pb-Bi was studied
experimentally. The specimens of SUH3 (10Cr-1Mo-2Si), NTK04L (18Cr-3Al) and
Recloyl0 (18Cr-1AI-1Si) were exposed to the Pb-Bi flow at the temperature of 550°C
up to 2,000 hours. The oxygen concentration in the flowing Pb-Bi was higher than that
for the formation of the oxide of Al, Si, Cr and Fe. After the exposure, the surface of the
Si-rich steel, SUH3, was kept smooth with no liquid metal corrosion (LMC). On the
surface, thin oxide layer was formed. The layer had a double layer structure that
consisted of an unstable outer layer and a compact inner one. The inner layer worked as
barrier for the LMC, while detachment of the outer layer could cause oxidation
corrosion. As for the Al-rich steel, NTK04L, an Al-rich single layer was formed and
stuck on the surface. This layer protected the matrix from the LMC. Oxidation corrosion
did not occur on the steel since this layer was oxidation resistant even at the condition
of high oxygen potential. The weight loss of the NTK04L steel in 500-hour and 2000
hour-exposure was negligibly small. As for Al- and Si-rich steel, Recloy10, an Al- and
Si-enriched single layer was formed on the surfaces. The weight loss of the Recloy10
steel was also negligibly small.

In Chapter 7- Corrosion Chapacteristics of Ceramics, SiC and Si;Ny in Flowing
Lead-Bismuth, corrosion characteristics of SiC and Si3N; ceramic materials in a
flowing lead-bismuth were investigated. It was found that the specimens of SiC and
Si3Ny kept smooth surface without a corrosion and an oxidation in the Pb-Bi. Although
the surface showed several cracks, the Pb-Bi was not diffused in the cracks. These
cracks might be caused by a shear and/or normal stress of the heavy density Pb-Bi flow.
The weight loss of the SiC and SisN4 specimens in the flowing Pb-Bi was negligibly
small. Thus, the ceramic materials, such as SiC and Si3;Ny, can be used in the flowing
Pb-Bi, even though the improvement of mechanical properties of them was necessary to
avoid the occurrence of the cracks on the surfaces. ‘

In Chapter 8- Effect of Liquid Metal Corrosion on Steel Tube Rupture Behavior
and Liquid Contamination, metallurgical analysis for the ruptured tube and precipitated
material in the flowing Pb-Bi was carried out. The rupture occurred while the loop

temperature was being increased from room temperature to 250°C. The rupture occurred
for a tube which had been used with Pb-Bi at 400°C for 3,500 hours and 23 increasing
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temperature cycles. The tube expanded locally around the ruptured part, which indicated
that the rupture was caused by the thermal expansion of the Pb-Bi in the tube. More
severe liquid metal corrosion was observed at the inner tube surface around the ruptured
part than elsewhere in the tube. The fracture mechanism in the rupture face could be
classified into two types, i.e. brittle fracture without any sign of dimple marks in the
~ inner region of the tube wall and ductile fracture in the outer region of the tube wall. By
the analysis of the precipitated materials on the immersion part of the electro magnetic
pump, it was found that the Fe precipitated in the flowing Pb-Bi in the low temperature
region of the loop. The countermeasures for these problems were discussed finally.

In Chapter 9- Conclusions, the feature results were summed up, and conclusions
were drawn.
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1.1 Background

Great amount of electricity has been generated and supplied by nuclear power
plants in many industrialized countries. Nuclear energy is one of the solutions
for the critical issues of energy security, economic growth and environmental
protectionv [1].

Currently, the contribution of the light water reactor (LWR) is very large in
the world. However, the importance of the fast breeder reactor (FBR) will
increase in near future, since the uranium resources for the LWR fuels are
limited and the reduction of LWR spent fuels are important to promote the
peaceful use of nuclear technology. According to Yamaji et al. [1-3], the
environmental protection is also promoted by the stabilization of the CO,
emission in case the FBR is introduced after they may be available.

The lead alloy (Pb-Bi)-cooled fast reactor (LFR) is one of the candidates for
the long-life, safe, simple and proliferation resistant fast reactors (FRs).
Research of the LFR has been extensively performed in Russia [4, 5]. In the
early 1950s in Russia at Institute of Physics and Power Enginéering (IPPE),
research and design study for the use of liquid Pb-Bi coolant in nuclear reactors
were initiated. Full-scaled prototypes of the reactor installations were put into
operation in 1959 and the first nuclear submarine with the Pb-Bi coolant was put
into operation in 1963. Continuously, some reactors and submarines with the
Pb-Bi coolant were constructed and put into the operation. However, some
troubles occurred on the operation of Pb-Bi cooled reactors and submarines due
to corrosion of steels in the flowing Pb-Bi. Thus, the corrosion of cladding and
structural materials in the flowing Pb-Bi is a critical issue for the development
of the Pb-Bi-cooled FRs.

1.2 Lead-Bismuth Cooled Fast Reactor

The use of the liquid Pb-Bi as the reactor coolant has some advantages even
though there are some disadvantages as explained in next chapters. Applying the
advantages, the design study on the Pb-Bi-cooled reactor has been performed.

Various types of small reactors with Pb-Bi coolant have been designed. This

is since the small reactor has the advantages of easy operation, easy construction
| and proliferation resistance even though there is a scale demerit. Sekimoto ef al.
has designed LSPR (LBE-cooled Long life Safety Simple Small Portable
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Proliferation-Resistant Reactor) [6]. This type of reactor is suitable for special
uses, €. g., use in an isolated island such as Indonesia [7]. Moreover, in case of
the Self-fuel-providing reactor (SFPR), the natural (or depleted) uranium is used
“as a reload core fuel, plutonium recycling by fuel reprocessing is not required [8,
9]. ,
A direct contact type Pb-Bi cooled FBR (PBWR) was proposed by
Buongiorno ef al. [10]. Then, a design concept of PBWFR (Pb-Bi cooled direct
contact boiling water small reactor) has been formulated with some design
parameters by Takahashi et al. [11, 12]. The design of the PBWFR allows us to
eliminate the coolant circulation pump, intermediate heat exchangers,
intermediate circulation loops and steam generators since the direct contacts of
water with hot Pb-Bi flow made lift pump and generated steam goes to turbine.
Then, the reactor is simplified and this increases safety.

An LMR, named PEACER (Proliferation-resistant, Environmental-friendly,
accident-tolerant, Continueable-energy, Economic Reactor) is being designed at
the Seoul National University [13-15]. This reactor produces 1560MWth power,
and the lifetime of the reactor is predicted as 60 years.

1.3 Merit of Lead-Bismuth as FR or FBR Coolant

The characteristics of the liquid Pb-Bi are presented in Table 1-1 with those
of major liquid metals and molten salts in the field of nuclear technology
[16-32]. The advantages of the liquid Pb-Bi are as follows:

1) High boiling point of 1670°C
The Pb-Bi has higher boiling point of 1670°C than that of 883°C in sodium
(Na), which is considered as the best coolant for fast reactors. The possibility of

the boiling of the Pb-Bi seems negligible.

2) Low melting point of 125°C
The liquid Pb has high melting point of 327°C, this seems relatively high as
the coolant of the FBR while that of 125°C in the Pb-Bi is low enough.

3) Small volume shrinkage at coagulation [33]
Volume shrinkage at coagulation of the Pb is 3.44%, while that of the Pb-Bi is

uncountable.
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4) Non violent reaction with water and air

In case of the Na-cooled reactor, any defects in the structural material will
cause a steam come into contact with sodium. The resulting sodium-water
reaction is exothermic and the caustic nature of the products can lead to
propagation of the leak resulting in catastrophic accident conditions [34].
However, the liquid Pb-Bi does not react with water although the oxygen
content in the water affects on the control of the oxygen potential in the melt,

which is important factor for the corrosion control.

5) Favorable neutronic properties [7]

For the small fast reactor, it is expected that LBE coolant shows much better
performance on the neutron economy than Na coolant because of its large
scattering cross section and heavy nuclide mass.

The radioactive materials produced in the coolant during operation are also
important. For Na, 24Na should be considered. Its half-life time is 15 hrs and
emits high energy gamma-rays (2.8MeV and 1.4Mev). Therefore, the primary
loop of sodium cooled reactor shows very high dose rate. On the other hand,
LBE does not produce so much gamma ray emitters, though Polonium is

produced, which is an alpha ray emitter.

1.4  Weak Point of Liquid Lead-Bismuth as FR or FBR
Coolant

Weak point of the liquid Pb-Bi could be summarized as follows:

1. High density of Pb-Bi
The density of the Pb-Bi is 10g/cm’ and this is about 12 times higher than that
of Na. The high density and the large viscosity of the Pb-Bi cause a large

pressure drop. This affects the coolability of the Pb-Bi, and power density of the

reactor must be decreased [7].

2. Corrosion of cladding and structural materials in flowing Pb-Bi

The corrosion of the cladding and structural materials makes the reactor-life
time shorter, and this consequently affects the cost for the reactor construction
‘and maintenance. Corrosiveness of the liquid Pb alloy for the steels is high even

though that of the liquid Na are relatively low [16-20]. The corrosion rates of the
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austenitic steels in the liquid Na are shown in Fig.1-1 [20].

It can be considered that the corrosion characteristics of the steels in the liquid
Pb-Bi are similar to those in the liquid Pb [6, 31, 32, 35]. The well known
“diagram for the corrosion of steel in the liquid Pb is shown in Fig. 1-2 [6]. In the
diagram, the corrosion behaviors of two types of austenitic steels were shown.
These steels caused two types of corrosion depending on the oxygen
concentration in the liquid Pb-Bi. These are a liquid metal corrosion (LMC) at
low oxygen concentration and an oxidation corrosion at high oxygen
concentration. In both types of corrosion, the oxygen concentration in the liquid
Pb influenced on the intensity of the corrosion. Thus, the oxygen concentration
in the quuid lead Pb alloy is of great importance as regards the corrosion

behavior of the steels.

3. Liquid metal embrittlement of steels in flowing Pb-Bi

Liquid metal embrittlement (LME) phenomenon in the liquid Pb-Bi are rarely
reported so far- [36-38]. Liquid Pb alloy may cause LME of steels, ie. the
ductility may decrease in steels in contact with liquid Pb-Bi and they may

become stressed.

4. Problem of Polonium Formation

The Bi, which is the main element of the Pb-Bi, has the property of polonium
production. Polonium-210 is a radioactive nuclide, which emits 5.3MeV o-rays
with 138 day half time. Obara ef al. investigated about the removal of polonium
by baking method [39]. The polonium evaporated from the LBE can be removed
by baking samples at temperatures of 300°C and above. Miura et al.,
investigated about the unfolding of polonium distribution in depth of irradiated
lead-bismuth eutectic from a-particle pulse-height distribution [40]. In the work,
the vertical polonium distribution in ‘irradiated LBE is calculated from the
measured a-particle pulse-height distribution with unfolding code UFOQ and
three sets of response. The evaporation behavior of the polonium was examined
by Glasbrenner et al. [41] and the alkaline extraction method for the removal

was investigated by Lowen [42].
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1.5 Review of Previous Studies on Lead-Bismuth Corrosion
and Coolant Technology

The studies on the Pb-Bi corrosion have been performed' for the development
of the Pb-Bi cooled FRs. In the same way, the corrosion study has been
performed for the development of accelerator driven system (ADS) with Pb-Bi
target [43]. These studies have been mainly performed by the institutes of Russia,
America, Europe and Japan with various type Pb-Bi corrosion test apparatus as
shown in Tables 1-2 and 1-3.

1.5.1 Control of Oxygen Concentration in Liquid Lead-Bismuth

For the investigations on the corrosion characteristics of steels in the liquid
metal, it is important to develop the oxygen control method since the oxygen in
the melt influenced well on the corrosion characteristics |6, 28-32].

In case of the liquid Na, the oxygen concentration can be controlled within
corrosion inhabitable condition by the cold trapping method [16-20]. The liquid
Na with lower oxygen concentration causes weaker corrosion. However, as
mentioned in the previous chapter, it is not easy to control the oxygen
concentration in case of the liquid Pb alloy. This is since the preferable oxygen
concentration in the melt is expected as much lower than that in the liquid Na,
and the concentration has to be kept in the certain condition in order to prevent
the occurrence of the LMC. Therefore, it is important to establish the method of
the oxygen measurement and control with high accuracy.

For the measurement of the oxygen concentration in the melt, solid electrolyte
type oxygen sensor has been developed. The performance of these sensors in the
liquid Pb-Bi has been reported in some articles so far. According to Fernandez et
al. the sensor output was agreed well with the results of the theoretical
calculation. Also, it was found that the sensor response for the change of oxygen
partial pressure in the liquid Pb-Bi was rapid enough [44]. Then, Konys ef al.
evaluated the response speed as in the range of minutes [45].

Two types of the oxygen control method in the liquid Pb alloy have been reported. The
first one is the control by oxidation and reduction by injecting a gas mixture of H,, steam
and Ar into the melt, and the controllability was reported in ref [46-49]. The other method is
the control by using mass exchanger where oxygen dissolves from solid lead oxide particles
“into the Pb-Bi flow and precipitates from the Pb-Bi on the solid PbO particles depending on
the temperature [50, 51].
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1.5.2  Corrosion in Static Condition

Static test method is appropriate to investigate the trend of corrosion
‘behaviors [52-59].

Benamati and Fazio et al. investigated the corrosion characteristics of steels
in the static Pb-Bi at the temperature of 573, 673 and 823K [52]. It was found
that thin oxide layer formed and the layer protected the steel matrix from the
LMC attack in the liquid Pb-Bi at lower temperature of 573 and 673K.
However, the LMC occurred in the melt at 823K.

Ballinger et al. investigated the corrosion characteristics of the original
componénts Fe-Cr-Si steels in the static Pb-Bi for 500 hours [53-54]. In the
work, it was indicated that the Cr and Si in steels beneficially influenced on
the formation of stable oxide layer, and this suppressed the oxidation
corrosion and LMC due to the Si-Cr rich stable oxide layer formation.

Kurata et al. (JAERI) reported about the excellent corrosion resistance of
18Cr-20Ni-5Si steel in static Pb-Bi [55]. The 5wt% of Si in the austenitic steel,
SX beneficially influenced on the formation of stable protection layer for the
LMC attack, even though the Ni in the steel could easily dissolve into the melt
due to the high dissolution rate [6]. V

Crespo et al. did the corrosion tests in the static conditions for the
investigation on the effect of pre-oxidation of steels on the corrosion
resistance in the early stage of the corrosion behavior [56]. The existence of
the oxide layer preliminary formed was effective to suppress the initial
corrosion. From these facts, the existence of the oxide layer on the steel
surface is supposed to be effective to suppress the LMC in Pb-Bi.

Thus, it can be summarized that the LMC attack in the static Pb-Bi can be
avoided if the stable protection layers, which were improved by the use of Cr
and Si, could be formed. )

Lowen et al. suggested that the corrosion characteristics of steels in the
Pb-Bi can be influenced by the corrosion of container material in the corrosion
test apparatus {57]. Furukawa et al. in JNC investigated the effect of oxygen
concentration and temperature of liquid Pb-Bi on compatibility of ODS steel
with liquid, stagnant Pb-Bi [S8]. Hata et al. (Tokyo Tech) performed the
experimental studies on steel corrosion in Pb-Bi with steam injection [59].

By the review of the above three papers of ref. [57-59], it was found that

the corrosion conditions, such as oxygen concentration in the melt, liquid
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temperature and dissolved hydrogen concentration, influenced on the

corrosion characteristics of steels in liquid Pb-Bi.

1.5.3  Corrosion in Flowing Condition

~ The corrosion characteristics of steels in the flowing Pb-Bi are different from
those in the static conditions, since the heavy density Pb-Bi flow causes shear
and frictional stress which act on the surfaces of the steels or the formed oxide
layers. Therefore, the results of the flowing corrosion tests are important to
predict the corrosion characteristics and the corrosion rates of the materials in
the actual reactors.

In the Los Alamos National Laboratory (LANL), there was the loop for the
investigations on corrosion and thermal hydraulics in the flowing Pb-Bi [60, 61].
Barbier and Rusanov investigated the relation between the corrosion rate and the
test time by means of the corrosion tests in the flowing Pb-Bi [62]. The test
temperature was 470°C, and this is not sufficient for the conditions of LFR
* cladding and structural materials. »

Aiello et al. (ENEA) found that the austenitic steel had corresion resistant in
the flowing Pb-Bi at the temperature of 400°C rather than martensitic steels [63].
Muller and Heinzel et al. performed long time corrosion test with three test
steels for 2000- 7200 hours [64, 65]. The oxide layer protected the steel matrix
for 7200- hours in the liquid Pb-Bi at 550°C. However, the LMC attack occurred
in the melt at 600°C. Kikuchi ef al. (JAERI) performed the corrosion test using
tube shape specimen in the flowing Pb-Bi [66]. Sawada et al. found that Ni in
steels dissolved into the melt and finally promoted the corrosion in the flowing
Pb-Bi [67].
~ Corrosion-erosion occurrence was reported several times [47, 66, 67]. When
the corrosion-erosion occurred on the steel surfaces, the corrosion rate of the
steels can be increased drastically. Therefore, it is important to make clear the
mechanism and process of the corrosion-erosion of the steels in the flowing
Pb-Bi. Then, the countermeasure for the corrosion-erosion has to be discussed.

The corrosion in the flowing condition was reported although the volume of
the data of the corrosion in the flowing condition was less than that in the static

condition.
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1.6  Unknown Factors on Lead-Bismuth Corrosion

By the review of the previous studies on the Pb-Bi corrosion, the unknown

factors for the corrosion were summarized as follows:

1) The performance of the solid electrolyte type oxygen sensor in the flowing
Pb-Bi is not sufficiently investigated. This is since the performance of the
oxygen sensor in the long-term operation in the flowing Pb-Bi and the
corrosion of sensor materials in the flow was not investigated.

2) The controllability of oxygen content in the melt by using a mass
exchanger type oxygen control system is not made clear so far. This is
since the performance of the mass exchanger type oxygen control method
in. the flowing Pb-Bi at low temperature for the appropriate oxygen
concentration was not reported. The stability of the mass exchanger
system should be investigated in the long term test in the flowing Pb-Bi.

3) The analysis for the corrosion-erosion phenomenon on the steel surfaces
[47, 49] was not sufficient to determine the mechanism or the process of
the corrosion-erosion of steels in the flowing Pb-Bi. The countermeasure
to avoid the occurrence of the corrosion-erosion has not been discussed.

4) The results of the flowing corrosion tests were not sufficient to discuss the
influence of the oxygen in the liquid Pb-Bi on the corrosion characteristics
of steels.

5) The effects of surface treatment and roughness of steels on the corrosion
in the flowing Pb-Bi was not made clear even though these effects on
general corrosion, such as the corrosion of steels in a vapor or water, were
well studied [69].

6) Effects of oxidation resistant element of Al in steel on the corrosion
resistances in the flowing Pb-Bi were not investigated, even though the
effects of Cr and Si in steels on the corrosion resistance in the static Pb-Bi
were partly investigated [52, 53].

7) The use of ceramic materials as reactor cladding or structural materials of
the Pb-Bi cooled FRs can increase the operation temperature and thermal
efficiency. However, corrosion characteristics of the ceramic materials in
the flowing Pb-Bi were not investigated.

8) Precipitation behavior of corrosion products in the flowing Pb-Bi was not

investigated.
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1.7 Purpose

Considering above-mentioned unknown factors for the Pb-Bi corrosion, the
purpose of the thesis work is determined to outline the corrosion control by
using corrosion resistant materials and chemical control method in the flowing
Pb-Bi. To fulfill this purpose, the thesis study divided into seven stages. Each

stage has individual purpose and motivation as follows;

1) Development of oxygen monitor and control system

The oxygen concentration in the flowing Pb-Bi must be monitored during the
corrosion test operation, since the oxygen concentration in the flowing Pb-Bi
may influence on the corrosion of steels [16]. For the application of the sensing
technique to the actual coolant loop, sensor performance should be investigated
by means of the performance tests at high temperature for long term. Then, the
corrosion of the sensor materials should be analyzed. As for the oxygeﬁ control
system, it is required that the oxygen concentration can be easily maintained in
the adequate conditions. Thus, the development of the simple system for the

oxygen control in the flowing Pb-Bi is important.

2) Investigation on the mechanism of erosion and corrosion in flowing
Pb-Bi |

The mechanism for the erosion/corrosion phenomena was not made clear so
far. Then, the analysis for the eroded specimens should be carried out in detail.
From the analysis results, the cause and process of the erosion in the flowing
Pb-Bi should be made clear, and the counter measure for the erosion occurrence

should be made clear.

3) Investigation on corrosion resistant of oxide layer in the flowing Pb-Bi
The property of the oxide layers formed on the steel surfaces in the flowing
Pb-Bi should be investigated to make clear the relation between the layer
property and the corrosion resistance. In addition, the characteristic of the
oxidation corrosion of various steels should be investigated. The properties of

protective oxide layers in the flowing Pb-Bi should be investigated.

| 4) Investigation on effects of surface treatment and condition of steels on

corrosion resistance in flowing Pb-Bi

10
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The effects of surface treatment and roughness of steels on the general
corrosion, such as the corrosion of steels in a vapor or water, was well-known
phenomenon [39]. However, these effects on the corrosion in the flowing Pb-Bi
‘'was not made clear yet. Thus, these effects in the flowing Pb-Bi should be
investigated, and the ideal conditions of steel surfaces to be a corrosion resistant

in the flowing Pb-Bi should be investigated.

5) Investigation on effect of Alloying Elements of Steels on Corrosion
Resistance in Flowing Pb-Bi

The effect of Cr, which is major alloying element in the steels, on the
corrosion resistant in the flowing Pb-Bi should be investigated. Furthermore, the
effect of Si and Al, which are the steel alloying elements for the increase of the
oxidation resistance, on the formation of stable oxide layer in the flowing Pb-Bi

should be investigated.

6) Investigation of the corrosion resistance of ceramic materials, SiC and
SizNy, in the flowing Pb-Bi.

The corrosion characteristics of ceramic materials in the Pb-Bi should be
investigated to know their possibility as the cladding material of the LFR which
could be operated at higher temperature for higher thermal efficiency. The
corrosion resistance of the ceramic materials should be compared with those of

the other steels.

7) Investigation on the phenomena which involve corrosion in the flowing
Pb-Bi

The - corrosion involving phenomena, such as liquid metal embrittlement
[36-38] or the precipitation of corrosion products [66] in the flowing Pb-Bi was
rarely reported so far. By the analysis of the ruptured tube in the liquid Pb-Bi,
the possibility of the corrosion influence of the tube wall on the liquid metal
embrittlement should be investigated. The performance-worsened loop
instruments should be taken off from the loop, and the cause for the performance
decreasing should be investigated. Then, the corrosion products precipitated on

the low temperature region of the loop should be analyzed.

11
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1.8  Outline of The Thesis

According to the purpose explained in the previous chapter, this thesis consists

of nine chapters. They are briefly outlined as follows:

Chaptef 2 — Chemical Control of Liquid Alloy consists of Chapter 2.1-
Performance of Solid Electrolyte Type Oxygen Sensor in Flowing lead-bismuth
and Chapter 2.2- Performance of Mass Exchanger Type Oxygen Control System in
Flowing Pb-Bi. In the Chapter 2.1, the performance of the solid electrolyte type
oxygen sensor in the flowing Pb-Bi was described. The stability and reliability of
the sensor was investigated by the means of the performance tests of sensors in
the flowing Pb-Bi at various conditions. The corrosion of the sensor materials on
the performance was metallurgically investigated. In the Chapter 2.2, the
performance tests for the mass exchanger type oxygen control system were
performed at various conditions in the flowing Pb-Bi. In the work, the oxygen
sensing technique developed in the Chapter 2.1 was used for the monitor of
oxygen concentration. From the obtained results, stability and cdntrollability of
the mass exchanger type system were discussed. The experimental equation,
which was drawn from the results of the performance tests, were compared with

the conventional equation provided by Gromov ef al. [6] and Muller et al. [70].

In Chapter 3— Liquid Metal Corrosion and Erosion Behaviors of Steels in
Flowing Lead-Bismuth, the mechanism of erosion and corrosion of steels in the
Pb-Bi flow was investigated. Nine steels were simultaneously exposed to the
Pb-Bi flow at the temperature of 550°C for 1,000 hours [47, 49]. The behaviors of
liquid metal corrosion (LMC) and Pb-Bi penetration into steels were analyzed
metallurgically. The analysis results of the corroded steels were compared each
other. Then, the general erosion mechanism of steels in the flowing Pb-Bi was

schematically explained. The countermeasure for the erosion was discussed.

In Chapter 4- Oxidation Corrosion Behaviors of Steels in Flowing
Lead-Bismuth, the results of steel corrosion test performed in a flowing Pb-Bi at
high oxygen concentration were reported. In the corrosion test, the oxygen
concentration was measured by the oxygen sensor explained in the Chapter 1.
~ Oxidation corrosion characteristics of various steels in the flowing Pb-Bi were

investigated by means of SEM/EDX analysis for the surface cross sections of

12
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exposed steels. Then, the properties of the protective oxide layers were
investigated. The measured weight loss of the steels was compared with that of
severe LMC case explained in Chapter 3. The effect of the oxide layer formation
on the LMC resistance was discussed. The mechanism for the layér formation in

the flowing Pb-Bi was schematically explained.

Chapter 5— Effect of surface treatment of steels on corrosion resistance
consists of* Chapter 5.1- Effect of Pre-Oxidation of Steels on Corrosion Resistance
of Steels in Flowing Lead-Bismuth and Chapter 5.2- Effect of Surface Roughness
of Steels on Corrosion Resistance of Steels in Flowing Lead-Bismuth. In Chapter
5.1, the effect of pre-oxidation treatment of the steel surfaces on the initial
corrosion in the flowing Pb-Bi was explained. Several steels were pre-oxidized in
moist air, and the pre-oxidized steel was immersed in the flowing Pb-Bi at 550°C
for 500 hours. In Chapter 5.2, the effect of surface roughness of the steels on the
corrosion behaviors is explained. The specimens of 12-Cr and 9-Cr steels, which
had the surface of smooth, rough and their middle roughness, were exposed into
the Pb-Bi flow. The trend of crack occurrence in the layer and the layer
detachment in the flowing Pb-Bi was discussed based on the corrosion experiment

results.

Chapter 6- Effect of Alloying Elements in Steels on Corrosion Resistance
consists of Chapter 6.1- Effect of alloying element, Chromium (Cr) in steels on
corrosion resistance and Chapter 6.2- Effect of alloying elements, silicon (Si) and
aluminum (Al), in steels on corrosion resistance. In the Chapter 6.1, the corrosion
characteristics of high Cr steels were investigated by means of corrosion tests in
the flowing Pb-Bi up to 2000 hours. In this chapter, corrosion resistance of SS430
(18-Cr steel) was highlighted by comparing with those of the other 12-Cr and
9-Cr steels. In the Chapter 6.2, corrosion resistance of Si- and Al-rich steels in the
Pb-Bi flow was metallurgically investigated. The excellent corrosion resistance

due to the formation of the Si- and Al- rich oxide layer was highlighted.

In Chapter 7- Corrosion Characteristics of Ceramic Materials, SiC and Si3N,
in Flowing Lead-Bismuth, corrosion characteristics of SiC and SisNj; ceramic
materials in a flowing lead-bismuth were described. The corrosion on these
specimens was metallurgically analyzed. The weight loss of SiC and Si3Ny

specimens were compared with those of the other steels.

13
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Chapter 8- Effect of Corrosion on Tube Rupture Behavior and Liquid
Contamination consists of Chapter 8.1- Effect of Corrosion on Tube Rupture
Behavior in Liquid Lead-Bismuth and Chapter 8.2- Effect of Corrosion on
Performance of Electro Magnetic Pump and Flow Meter in Flowing
Lead-Bismuth. In Chapter 8.1, results of investigation on the major factor of the
tube rupture in the liquid Pb-Bi were reported. Effect of the corrosion on the tube
rupture behavior in liquid Pb-Bi was investigated by means of metallurgical
analysis for the corrosion of the ruptured part. In Chapter 8.2, the factor for the
decreasing of the electro magnetic pump (EMP) and flow meter (EMF) were
investigated by means of metallurgical analysis for the immersion part of the
performance worsened EMP and EMF. Then, the precipitated materials on their

surfaces were analyzed in detail.

In Chapter 9- Conclusions, conclusions are drawn from the study that was

done.

14
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Table 1-1 Comparison of properties of liquid metals
Liquid metals Na [16-20] Flibe [21-23] Li [24-27] Pb-17Li [28-30] Pb [31-32] Pb-Bi
Melting point (°C) 98 459 180 235 327 125
Density (g/cm’) 0.85 2.0 0.48 8.98 11.34 10
Thermal conductivity
(W/m K) 70.8 1.00 49.9 13.2 35.2 12.9
Viscosity (mm?/s) 0.274 7.44 0.83 0.17 0.23 1.83
Major impurity
which affects material Oxygen TF Nitrogen Oxygen Oxygen Oxygen
corrosion
Preferable concentration Less than 0.0025 ) 0.0015-0.67 ) 107 )
of impurities (%) (at%) (Wt%)
Method of . Cold trapping S
impurity control Cold trapping i Getter trapping - Gas‘ Injection -
Low Low Active Active Active
(Corrosion depth 0f 304  (Corrosion depth of (Corrosion depth of (Corrosion rate of (Corrosion rates of

Corrosion

steel was 10-20um for
80000-hour immersion
in flowing Sodium [2])

the steels is of the
order of nanometer

[6].)

ceramic materials is
of the order of
micrometer [10])

9Cr steels is of the
order of about 90pm
per year {14])

austenitic steels are of
the order of about 200
um per year [15])
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(12Cr-1.8Si)

Table 1-2 Pb-Bi test apparatus (Static system)
America Europe Japan
MIT [53, 54] INEEL [56] CIEMAT [57] ENEA [52] INC [58] JAERI [55] Tokyo Tech [59]
Test temperature (°C) 600 650 600 300-400 650 550 400-500
System Rotating system Static Static Static Static Static Static
Control system of oxygen  Gas injection Gas injection Gas injection Oxygen Gas injection Oxygen ; Steam
potential in Pb-Bi (Ar/Steam/Hj) (Ar/O,) (Ar/Hy) saturated (Ar/Steam/H,) saturated injection
. . Monitor for the
Momt?r t_echmqu'e of oxygen ) gas injection ) Estimation O)gygen sensor Estimation O)fygen sensor
potential in Pb-Bi : AR (solid electrolyte) (solid electrolyte)
. and estimation
MANET2
Corrosion test material Fe-Cr-Si HT-9 F82H mod ](31}?8(:22 P122 (11Cr-2W) SX steel HCMI12A
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Table 1-3 Pb-Bi test apparatus (Dynamic system)
America Russia Europe Japan
Institute LANL [60, 62] IPPE [62] IPPE ENEA [63]
(loop name) (DELTA) (CU-1M) M) (LECOR loop)  [OkvoTech [67]  JAERI [66] MES [68]
Pb-Bi tesﬂ,éé‘)nper ature 460 479 550 400 550 450 550
Temperature gap (°C) - 300 - 250 150 50 100
Flow velocity (m/s) 1.2m/s 1.9 2 1 2 1 2
Gas injection
Of(z’zterslpso)’;:‘i?;loifl; - - (Ar/H,) Gas injection Oxygen saturated -
Pb-Bi Adding Mg for (Ar/Steam/Hy)
Oxygen deoxide
Oxygen sensor saturated Oxygen sensor
Monitor technique of (solid (solid Oxveen sensor Oxygen sensor
oxygen potential in Oxygen sensor electrolyte: electrolyte: (sol)%ge Jlectrolyte) - (solid
Pb-Bi Yittria stabilized Yitria stabilized vt electrolyte)
zirconia) zirconia)
Pun ) Centrifugal ) Mechanical Electro-magnetic  Electro-magnetic Mechanical
P pump pump pump pump_ pump
1.4970
. NTKO04L,
(15 Crl-vl[ Zg\h-l 8 SUH3, SUHS3,
. Recloy10, SUS316 ,SX 9Cr steel
Test material HEMBA a6t ] HCMI2A,  Austeniticsteel  2.25Cr steel
) EP823 SUS405 and so on
(12Cr-28i) and so on
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Inlet coolant Outlet coolant Surface tempeature of
temperature tempearature cladding material
__ 60 ¥ ¢ \i
~ !
] ! |
> 50 I ‘ ) I
= I Carrosion rate of
o 40 steel in liquid Na with 1
s I
S . 25ppm O, |
E 30 ||Corrosion rate of ! 1
o steel in liquid Na . ; I
® gp [[with Sppm O, i I [Allowabie corrosion
g ; ; 1 Rate for structual
-g 10~1= = -I_ ________ F————— T material in "Joyo"
2 X type reactor
£, — |

300 350 400 450 500 550 600 650
Tempearture of Pb-Bi (°C)

Fig. 1-1 Corrosion rates of steels in flowing Na calculated using equation of
corrosion rate for structural material in Joyo type reactor ’

300 , —— | 300
Liquid 1+ Transition N
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Fig. 1-2 Diagram showing corrosion behavior of steels in flowing oxygen
containing Pb for 3000 hours at 550°C [35]
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2.1 Performance of Solid Electrolyte Type Oxygen Sensor

in Flowing Lead-Bismuth

2.1.1 Introduction

For the development of fast reactors (FRs) with lead-55bismuth (Pb-Bi) coolant,
corrosion of cladding and structural materials is one of the critical issues [1]. An
oxygen concentration in the liquid Pb-Bi is important parameter to determine the
corrosion of the materials as the same as that in liquid Pb [2].

For the monitor of the oxygen concentration in the flowing Pb-Bi, the solid
electrolyte type oxygen sensor has been developed. The performance of these sensors
in the liquid Pb-Bi is well reported in the journals. According to Fernandez et al. the
sensor output was agreed well with the results of the theoretical calculation. Also, it
was found that the sensor response for the change of oxygen partial pressure in the
liquid Pb-Bi was rapid enough [3]. Then, Konys ef al. evaluated the response speed as
in the range of minutes [4].

However, the results of long -term use of this type of sensors in the flowing Pb-Bi
was not reported so far. The corrosion of the sensor materials and how this influence
on the sensor performance should be investigated.

In this chapter, the performance of the oxygen sensor in the flowing Pb-Bi was
reported with the basic theory for the measurement. The reliability and repeatability of
the sensor were investigated. The corrosion of the sensor-cell materials in the flowing
Pb-Bi was analyzed to make clear whether this type of the sensor can be use in the
flowing Pb-Bi for long term or not.

2.1.2 Experimental apparatus and procedure

Pb-Bi Forced Convection Loop

The long-term performance tests for the oxygen sensor were performed by using the
Pb-Bi forced convection loop. Figure 2-1 shows a schematic of a Pb-Bi forced
convection test loop used in the present study. The volume of the liquid Pb-Bi in the
loop was 22L. The loop can be classified to a high temperature region made of high Cr
steel (9Cr-1Mo) and a low temperature region made of SS-316 (18Cr-12Ni-2Mo). The
corrosion test section and the oxygen sensor were in the high temperature region, and
the expansion tank, the electromagnetic pump and the electromagnetic flow meter were
in the low temperature region.

The PbO reaction vessel was installed as a mass exchanger in a by-pass line of the
low temperature region (This is explained in detail in Chapter 2.2). An oxygen
concentration in the Pb-Bi loop can be controlled by changing the temperature of solid
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PbO particles in the PbO reaction vessel. The electromagnetic flow meter and the
bellow valves for material test were also installed in the by-pass line.
Liquid Pb-Bi was circulated by the electromagnetic pump, and the flow rate was
measured by the main and by-pass electromagnetic flow meters. The Pb-Bi
- temperature at several points of the loop were monitored using sheathed thermocouples
inserted into the flow.

Oxygen Sensor

Figure 2-2 shows a schematic of the oxygen sensor. The sensor equipped two
reference electrode cells. The temperature of the Pb-Bi around the sensor cells was
measured by the thermocouples directory inserted in the Pb-Bi. The weight made of a
SS-304 cylinder prevents the sensor cells from floating up by buoyancy force. The
liquid level was controlled by the cover gas pressurized with Ar gas of 99.999% purity.
Figure 2-3 shows the schematic of the sensor cell. The reference electrode cell consists
of a solid electrolyte conductor, a Mo wire as electrical lead and an oxygen saturated
bismuth as reference fluid (Fig. 2-3 (a)). Two types of the solid electrolyte conductor,
yttria stabilized zirconia (YSZ: Y,03-ZrO,) and magnesia stabilized zirconia (MSZ:
MgO-Zr0,), were used. The mechanical characteristics of these solid electrolyte cells
were shown in Table 2-1. Reference fluid in the sensor cells was an oxygen saturated
Bi. These solid electrolyte cells were supplied from NIKKATO corporation.

The powder of bismuth oxide (Bi,O3) and bismuth metal (Bi) was mixed well and
poured into the cell (Fig. 2-3 (b)). The weight ration of Bi to Bi,O3; was 95wt% to
S5wt%. The powder of the Bi and Bi,Oj; had the purity of 99.9% and 98%, respectively.
The Mo wire was inserted into the cell as an electrical lead. An electromagnetic force
(EMF), or electrical potential between the Mo lead and Pb-Bi (steel vessel wall) was
measured using electrometer with high input impedance of 10'>Q. The system of the
sensor can be expressed as

[Bi-Bi,03)/[Y205+Zr0,]/[Pb-Bi] 2.1)

In the system, O” dissolves in Bi-Bi,O5 at saturation condition, and it dissolves in
Pb-Bi. The EMF between inside and outside surfaces of the sensor cell is induced by

the difference of the chemical potential of oxygen in the reference fluid @,, and that

in Pb-Bi @, 5 . The EMF is expressed by the Nernst equation:

1

= E q)ref - (DPb—Bi] (2-2)

E

where F is the Faraday constant. The chemical reactions are as follows:
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Bi,O, ©> 30" +2Bi* 2.3)
in the reference fluid,

O + Pb™ <> PhO (2.4)

in Pb-Bi. If AG§i203 and AngO are the formation energies of BiyO; and PbO,

respectively, the oxygen potentials are given as reported in ref [5]:

q)rEf = AG;iZOS /3 . (2.5)

=AG,,, - RT, In— : (2.6)

@ Sensor CS

Pb-Bi

where C is the oxygen concentration in the liquid Pb-Bi, C; is the saturated
concentration or the solubility of the oxygen in Pb-Bi, and Ty, is the temperature of
the liquid Pb-Bi at the sensor in the unit of K. Then, the Egs. (2-2), (2-5) and (2-6) are
combined as follow:

1 | AG,,, C
=—| —2% _AGY, - RT,,, In—
2F [ 3 PbO sensor C . (2.7)

s

If Bi of 55wt% in the melt plays a particular role in the oxidation process, then, the
Nernst equation is given by

_L
2F

sensor

AG) AGS
{% —(0.45AG),, + 0.55% +RT, In CE)}

1 AG,, C
= 5{0'45% - 0‘45AG12b0 - RT.:'BM.\'O;' lnE— . (2-8)

§

The oxygen solubility in the liquid Pb-Bi was calculated using the equations:

logC, =1.2—-3400/T (673K <T <973K) (2.9)
provided by Gromov et al. [2]. This equation was used with fitting in the low
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temperature ranges (T<673K). And according to Muller et al. [5],theoretical equation
was given as

logC, =2.52—4803/T | (2.10).

Test Conditions

The conditions of the sensor performance tests is presented in Table 2-2. The
performance tests were named as T-1 to T-5. In the tests, liquid Pb-Bi was charged into
the loop at 250 °C. Then, the temperature of the flowing Pb-Bi was increased up to 550
°C in the high temperature region and 400°C in the low temperature region. After the
each performance tests, the liquid Pb-Bi was cooled down and drained from the loop
into the dump tank at 250 °C. Then, the Pb-Bi was removed from the sensor surface.
Simultaneous to the performance tests of T-1, T-2 and T-4, steel corrosion tests were
performed in the corrosion-test section in the loop (Fig. 2-1). Before the T-2 test, new
MSZ and YSZ cell was installed in the sensor. These sensor operated for 100 hours at
400°C for the performance tests of the electromagnetic pump and flow meter (This is
described in Chapter 8-2). In the T-3 test, the oxygen control test using PbO mass
exchanger was performed. The oxygen concentration in the Pb-Bi was controlled at
high potentials. Test T-5 was carried out to analyze initial condition of the MSZ sensor.

Analysis Procedure of Sensor Corrosion

After the tests T-1 and T-4, the sensor cells were extracted from the loop to analyze
the corrosion of sensor cell surfaces. The removal of the adherent Pb-Bi or corrosion
products was not performed, since the authors interested in adhesive materials on the
sensor surfaces. The sensor cells were cut as cross section around the free surface of
the Pb-Bi flow. Also, the sensor cells were cut as cross section at the part immersed
deeply into the Pb-Bi flow. These cross sections were analyzed using 3D lazar
microscope at low magnification. Then, the corroded part or adherent corrosion
products was analyzed using FE-SEM/EDX.
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2.1.3 Performance of Oxygen Sensor in Flowing

Lead-Bismuth

Sensor Performance

Figure 2-4 shows the initial EMF output of the MSZ sensor in the flowing Pb-Bi.
Although the Pb-Bi temperature became constant at 550°C after 25 hours passed, the
sensor output kept to increase with time initially. After 200 hour passed, the sensor
output became stable and constant at 0.43V, and the noise level error was detected
possibly due to the temperature fraction in the flowing Pb-Bi. This value corresponds
to the oxygen concentration of 1x10®wt% by the calculation using eqs. (2.1)-(2.10).
This oxygen potential was higher than that required for the Fe oxide formation in the
liquid Pb-Bi. As the sensor output indicated the formation of Fe-oxide, the Fe oxide
formed on the low Cr steels in the steel corrosion test (Chapter 4).

Figure 2-5 shows the initial performance of the MSZ and YSZ sensors in the test
T-2. The stable performance of the sensors was obtained shortly after the immersion.
The output of the MSZ and the YSZ sensors became nearly equal to each other as the
Pb-Bi temperature increased. Finally, the EMF output became the same at 0.43V at the
temperature of 550°C, and this value was the same to that in the test T-1. This indicates
that the sensors have repeatability. The oxygen concentration in the T-1 and T-2 tests
must be the same, since the oxygen concentration was not controlled in these tests.

In the test T-3, the sensor responded to the change of the oxygen concentration in the
flowing Pb-Bi. These results in detail were reported in Chapter 2-2.

Figure 2-6 shows the initial performance of the YSZ sensor in the test T-4. The
sensor output was not stable for initial 200 hours. This is possibly because there was
the fraction of the oxygen concentration in the flowing Pb-Bi due to the influence of
the oxygen control test in the test T-3.

Influence of Metallurgical State of Sensor on Performance

In the test T-1, the sensor kept to increase the EMF output after the Pb-Bi
temperature became constant. The Pb-Bi contained certain oxygen concentration (Fig.
2-4). This implies that the metallurgical state of the sensor changed initially. The initial
condition of the sensor cell was investigated. by means of the microscope observation
of the sensor cell which was only immersed in the Pb-Bi for 4 hours in the test T-5.
Figure 2-7 (a) shows the cross section of the sensor cell. The reference fluid of the
oxygen saturated Bi was not compact. The reference fluid did not contact well with the
inner surface of the MSZ conductor. Figure 2-7 (b) shows the cross section of the
MSZ cell used in the Test T-1. The reference fluid was compact and well contacted

"with the inner surface of the solid electrolyte conductor. The influence of the Pb-Bi
was not detected on the outer surfaces of the sensor cell in both case. Thus, the initial
un-stable work of the sensor was because the reference fluid was not mixed well and
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did not contact with inner surface of the sensor cell. The sensor must have well-mixed
reference fluid before the measurement of oxygen concentration. One ideas to remove
this influence is to heat the sensor cell at the higher temperature than the melting point
of Bi, 271.9°C for 100-200 hours before the measurement of oxygen concentration in
. the liquid Pb-Bi.
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2.1.4 Corrosion of Sensor Materials in Flowing

Lead-Bismuth

MSZ cell

Figure 2-8 shows the MSZ and YSZ cells used in the flowing Pb-Bi for 3500
hours through the tests T-2 to T-4. In the MSZ cell, the surface color was changed
from initial silky white to black after the exposure. This indicated that corrosion
products adhered on the sensor surface in the Pb-Bi. Pb-Bi particles of silver color
was partially adhered on the sensor surface.

Figure 2-9 shows the cross section of MSZ sensor cells. The MSZ outer surface
was smooth without erosion. The reference fluid of the oxygen saturated Bi was
compact and well contacted with the inner surface of the sensor cell.

The cross section of the MSZ surface which had black color was analyzed using
FE-SEM and EDX. The analysis results shows that Fe-oxide was partly detected on
the sensor surface (Fig.2-10). The thickness of the adhered Fe-oxide is 10um in
average. This 1mphes that the black color of the MSZ surface is due to the adherence
of Fe-oxide.

From the visual inspection (Fig. 2-8), the adherent of Pb-Bi was partially detected.
The interface between the adhered Pb-Bi and the MSZ cell surface was
metallurgically analyzed (Fig. 2-11). In the interface, the Fe was detected. The
thickness of the Fe-layer was 2um. In the adherent Pb-Bi, the Fe was dissolved
partially. These results implies that the adherence of the Pb-Bi was promoted by the
chemical reaction between the adhered Fe and the Pb-Bi. The change of the chemical
components was not detected in the MSZ surface.

The reason of the adherence of Fe and Fe-oxide on the MSZ sensor surface can be
consider as follows; the formation of the Fe-oxide was caused by the reaction between
the Fe and oxygen supplied from the Pb-Bi and the sensor surface. Then, the Fe was
generated in the corrosion test section, which was installed in the upstream of the
oxygen sensor. The Fe might be dissolved from the corrosion specimens into the
Pb-Bi, since the Fe had high dissolution rate as reported in ref. [2]. The sensor output
in the performance tests indicated that the Fe can be oxidized in the Pb-Bi, since the
oxygen potential was higher than that required for the Fe-oxide.

YSZ cell

In the YSZ cell, the surface kept the color of initial silky white in the flowing Pb-Bi
for 3500 hours (Fig. 2-8). Figure 2-12 shows the cross section of YSZ surface. The
outer surface was partially eroded. The erosion depth was measured as 100pm.
- Adherent Pb-Bi was not detected. '

Figure 2-13 shows FE-SEM image and EDX analysis results for the eroded surface
of the YSZ sell after the use in the flowing Pb-Bi for 3500 hours. In the outer surface,
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crack layer with the depth of 50 um was detected. In the cracked layer, there was no
change of chemical components. Thus, the surface of the YSZ caused crack by the
shear and/or normal stress of heavy density Pb-Bi flow. The cracked surface might be
eroded mechanically

The Fe and/or Fe oxide was not detected on the YSZ surface. This is since the YSZ
surface was eroded together with adhered Fe and/or Fe oxide in the flowing Pb-Bi. The
reason for the erosion occurrence was possibly because the mechanical property of the
YSZ cell was weaker than that of MSZ one.

2.1.5 Summary

The performance tests of the solid electrolyte type oxygen sensors in the flowing
lead-bismuth (Pb-Bi) was carried out for long term. The stability and repeatability of
the sensor were investigated. The corrosion of the sensor materials was analyzed. The
work is summed up as follows:

(1) The performance of solid electrolyte type oxygen sensor in the flowing Pb-Bi
was stable and reliable.

2 The sensor showed repeatability in the long term use in the flowing Pb-Bi.

3) The EMF output obtained from the yttria stabilized zirconia cell was the same
with that from the magnesia stabilized zirconia one in the flowing Pb-Bi.

@ The initial performance of the sensors was not reliable. This is since the
reference fluid of the oxygen saturated bismuth in the cell was not mixed well
and did not contact with inner surface of the solid electrolyte cell.

(5) The corrosion of the sensor cells were investigated metalugically. The surface
of the YSZ cell was cracked and eroded after 3500 hour- exposure in the
flowing Pb-Bi. The MSZ cell showed smooth surface, although the Fe and
Fe-oxide were partially adhered on the surface.
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2.2  Performance of Mass Exchanger Type Oxygen Control
System in FloWing Lead-Bismuth

2.2.1 Introduction

A self-healed oxide layer formed on steel surface inhibits a liquid metal corrosion
and reduces the corrosion rate in the flowing Pb-Bi [7-9]. In order to keep a stable
condition of the self-healed layer, the oxygen content in the Pb-Bi should be controlled
adequately by an oxygen control system.

The performance of the sensor in the liquid Pb-Bi was investigated in the Chapter
2-1. From the measured electromotive force (EMF) of the sensor, the oxygen
concentration in the melt could be estimated using the correlation of oxygen solubility
by Gromov ef al. [2] and Muller et al. [6]. However, there is no experimental data of
the oxygen solubility at low temperature.

The oxygen concentration in liquid alloy could be controlled by oxidation and
reduction by injecting a gas mixture of Hj, steam and Ar into the melt, and the
controllability was reported in ref [10]. The other oxygen control method is a mass
exchanger where oxygen dissolves from solid lead oxide (PbO) particles into the Pb-Bi
flow and precipitates from the Pb-Bi on the solid PbO particles depending on the
temperature [11, 12]. The advantage of this method is to simplify the loop by
eliminating some gas lines used in the gas injection method, which increase the safety
of the operation. Also in this method, the oxygen solubility in the liquid Pb-Bi can be
obtainable, since the oxygen concentration is controlled via the reaction of oxygen
dissolution and oxide precipitation.

In the present study, a series of oxygen control test using the PbO mass exchanger
was carried out in a Pb-Bi non-isothermal loop. The dynamic shift of the oxygen
concentration in the Pb-Bi was measured by the solid electrolyte type oxygen sensor.
The purpose is to investigate the controllability of oxygen concentration in the flowing
Pb-Bi by means of the PbO mass exchanger and the oxygen solubility in the liquid
Pb-Bi.

2.2.2 Experimental Apparatus and Procedure

Pb-Bi forced convection loop and oxygen sensor

The Pb-Bi forced convection loop and oxygen sensor, which were explained in
detail in Chapter 2.1.1 (Figs. 2-1 and 2-2), were used in the present work.
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Oxygen control system

The oxygen control system was installed as a mass exchanger in a by-pass line of
the low temperature region of the Pb-Bi forced convection loop (Fig. 2-1). An oxygen
-concentration in the Pb-Bi loop was controlled by changing the temperature of solid
PbO particles in the PbO reaction vessel. The electromagnetic flow meter and the
bellow valves for material test were also installed in the by-pass line. Figure 2-15
shows a schematic of the mass exchanger with PbO particles. 360 pieces of spherical
PbO particles were mounted in each of the meshed container of the PbO reaction
vessel. The temperature of the Pb-Bi melt and the PbO particles was controlled by the
inserted sheathed heater and the air cooler, and monitored by inserted thermocouples.

Table 2-3 shows the major specifications of the PbO particle. The particles were
made in a following procedure: the powder of PbO which has a melting point of 888°C
was sintered into lumps at the temperature of 800°C; and then, the lumps were broken
into small pieces by hammers. Therefore, the surfaces of the particles were rough.
Total surface area of PbO particles in the vessel was estimated as 9.08x10m’.

Experimental

The oxygen control test was performed at the conditions shown in Table 2-4. The
circulation loop was heated up to 250 °C, and the liquid Pb-Bi was charged from the
dump tank into the loop at a flow rate of approximately 0.5 /min by the pressurizing
the dump tank at 0.18 MPa with the loop pressure of 0.02 MPa. When the loop was
filled with the Pb-Bi, temperatures of the melt were increased up to the experimental
condition. The liquid Pb-Bi in the PbO reaction vessel was kept at 250°C using the air
cooler during the heat up operation of the loop. In the test, the Pb-Bi temperature at the
oxygen sensor was kept constant, and the temperature in the PbO reaction vessel was
changed.
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2.2.3 Performance of Mass Exchanger Type Oxygen Control
System in Flowing Pb-Bi

Figures 2-15 (a) through (c) show the transient of the sensor signal due to the
temperature change of the Pb-Bi in the PbO reaction vessel.

In order to evaluate the performance of the mass exchanger type oxygen control
system, the response of the oxygen sensor to the PbO reaction temperature was
measured with various temperatures at short intervals as shown in Figures 2-15 (a).
The EMF output was constant at 0.18V at the constant reaction temperature of 320°C.
Shortly after the Pb-Bi was heated up to 330°C in the reaction vessel, the EMF began
to decrease to 0.17V. And, the EMF reached constant within 3 hours. When the
temperature was decreased from 330°C to 320°C, the EMF increased up to 0.195V.
Similarly, when the liquid Pb-Bi in the reaction vessel was cooled down from 320°C to
310°C at the time of 35 hours, the EMF increased to nearly 0.22V and then reached
constant value within 8 hours.

In the cooled down process at the time of 45 hours, the EMF of app 0.21 lower than
that at the time of app.40 hours was obtained. After the 5 hours, the signals reached
constant. At the time of 60 hours, Pb-Bi in the reaction vessel was heated up to 315°C.
The negative curve was similar to the former one.

The oxygen control test was performed with longer intervals to investigate the
stability of the oxygen control system. The result is shown in Figure 2-15 (b). The
electromotive force transited from 0.19V to 0.23V following the Pb-Bi temperature
shift from 315°C to 290°C, and became constant in 5 hours. Then, under constant
conditions the signal was constant for 40 hours, although the EMF changed within
noise level possibly due to the temperature control capability.

In the heat up process from 290°C to 315°C, the EMF decreased to the value lower
than the previous one at 315°C, which lead to an increase in oxygen concentration.
After 3 hours, the EMF reached constant.

Figure 2-15 (c) shows the result of the mass exchanger operation at the
temperature of about 260°C with the temperature difference of 240°C in the loop. At
the operation time of 10 hours, the Pb-Bi in the reaction vessel was heated up to 275°C
“from 260°C. Then the EMF changed from 0.27V to 0.24V. The signals reached
constant within 3 hours. After the time of 60 hours when Pb-Bi in the reaction vessel
was cooled down from 275°C to 265°C, the EMF increased from 0.24V to 0.27V, and
the signals reached constant within 10 hours.

According to a calculation applying the Nernst equation (Egs. 2.7 or 2.8) to the EMF
signals, the oxygen concentration was controlled between 1x10™ wt% (temperature of
PbO sinter: 315°C) and 3x10 wit% (temperature of PbO sinter: 280°C), where is the
corrosion-inhibition region.
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Response of PbO reaction to oxygen sensor

The sensor signal quickly responded to the temperature change of the mass
exchanger. The increase in the oxygen concentration in the heat up process was more
rapid than that in the cool down process as shown in Figures 2-15 (a) thorough (c). It
suggests that the dissolution of oxygen from the PbO surfaces to liquid Pb-Bi is more
rapid than the oxide precipitation on the PbO surface. However, the response of both of
them is fast enough to keep the oxygen concentration in the adequate region for the
formation of the protective oxide layer.

2.2.4 Experimental Equation of Oxygen Solubility in Liquid
lead-bismuth

Figure 2-16 depicts the relation between the temperature of the liquid Pb-Bi and
PbO particles and the EMF. The EMF decreased linearly with the temperature. By least
square method, the empirical correlation of the EMF with the temperature of the Pb-Bi
which contacted with the PbO particles Try0 (in the unit of K) was derived as

Ecxperimenl = 0'0 1 3]-;%0 + 0'9561 E (2'11)

in the inaccuracy of 17.7%. This is possibly due to the temperature fraction in the
vessel. The EMF in the Eq. (2-11) was obtained by the sensor operated in the Pb-Bi
flow at temperature of 500°C. The measured electromotive force was compared with
the theoretically calculated result using the Egs. (2-7)-(2-10).

The measured EMF agreed better with the calculated ones using Eq.(2-8) than that
using Eq.(2-7). This suggested that Bi might play a certain role in the oxidation or the
oxide precipitation in the liquid Pb-Bi. It is probable that Bi oxide was partly generated
in the reaction of oxygen dissolution and precipitation, since the oxygen potential
locally around the PbO particles can be higher than that required for the Bi oxide
formation by the temperature change. Then, using Egs.(2-8) and (2-11), the measured
EMF can be expressed by;

E =-0.0013T,,, +0.956

experiment

AG!, )
~ L 04520me _gaspacr T S| (2-12)
2F 3 C

5

where, the oxygen solubility Cs in the melt at the oxygen sensor is generally given by
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B ‘
logC = A4+ — -
gC, 3 | (2-13)

The oxygen concentration C in the melt at the sensor is the same as the saturated
oxygen content in the PbO reaction vessel expressed by

B
logC =A+— (2-14)

Pbo

Then, substituting Eqs.(2-13) and (2-14) into Eq.(2-12), the EMF can be written as
follows: - :

=—0.00137, +0.956

experiment PbO

B B

=0.057685 —0.033307(1n10™° ™ ) | (2-15)

where the constant B can be obtained as shown in Fig. 2-17.
From Fig.2-16, it was found that the measured EMF data was arranged between the
calculated EMF applying Eqs.(2-9) and (2-10). Thus, it can be expressed as:

E (8gs.(2-8) and 2-9)<E (Bxperiment) < E (Bsq.(2-8) and (2-10)) (2-16)

and using the Egs. (2-8), (2-9) and (2-10), the Eq.(2-16) can be expressed by the latter
part of the Eq.(2-7) as :

C C C
In— <Iln— <ln— (2-17)
CS (Eq.(2-10)) CS (Experiment) CS (Eq.(2-9)

Where, the oxygen concentration C should be the same. Then, the constant 4 in the Eq.
(2-13) can be given as a region in Fig. 2-18. Then, the oxygen solubility Cs at the
temperature between 260°C and 330°C is obtained as shown in Fig. 2-19.
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2.2.5 Summary

The work for the oxygen concentration control is summed up as follows:

(M

@)

G)

(4)

©)

2.3

The electromotive force of the oxygen sensor responded to the temperature
change of the mass exchanger in short times.

In oxygen dissolving process by temperature increase, the transition of
electromotive force was completed within 5 hours, and that occurred more
rapidly than that in oxygen precipitation or reduction process by temperature
decrease.

.The electromotive force depended on the PbO temperature linearly. The
measured data could be expressed by Eexperimen=0.013Tppo+0.9561 with Tpyo in
K within an accuracy of 17%.

The measured electromotive force agreed with the calculated results from the
Nernst equation using 4 Gopb_B,'_O equation-

The oxygen solubility in liquid lead bismuth was expressed by logCs=A4+B/T,

where the constant A ranged from —4000 to —4600, and the constant B ranged
from 1 to 3.5 depending on the reaction temperature.

Conclusions

In the chapter 2-1, it is concluded that the oxygen concentration in the flowing
Pb-Bi can be monitored by using solid electrolyte type oxygen sensor.

In the chapter 2-2, it is concluded that the oxygen concentration in the flowing
Pb-Bi can be controlled by the immersion of PbO particles in the by-pass line of the
loop. Then, the oxygen concentration in the flowing Pb-Bi can be maintained in the
adequate region for the oxygen inhibition, in which Fe oxide can be formed on the
steel surface but PbO never form in the liquid Pb-Bi.
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Table 2-1 Mechanical characteristics of solid electrolyte conductors
MSZ and YSZ
MgO-ZrOz Yzo 3 -ZI'02
C t
omponents (MSZ) (YSZ)
Density (g/cm?) 54 54
Bending strength (MPa) 250 150
Thermal expansion coefficient  (x10°/k) 6.2 10.2
Conductance (550°C) (Log o [S-cm]) -3 -5
Table 2-2 Conditions of sensor performance tests
Performance test T-1 T-2 T-3 T-4 T-5
Operation time (h) 1000 500 1000 2000 4
Pb-Bi temperature at oxygen sensor (°C) 550 400
Pb-.Bl temperature in low temperature 400 400
region (°C)
Pb-Bi charge temperature (°C) 250 250
Oxygen concentration in Pb-Bi (wt%) 1x10®  1x10® 1x10° 1x10°
Flow rate (L/min) 3
Active oxygen control X X O X X
Steel corrosion test o o X 6] X
Sensor cell material MSZ MSZand YSZ MSZ
Table 2-3 Specifications of PbO particle
Diameter (m) 2-4x107
Density (g/m’) 6.94
Weight (g) 2.91x107
Volume (m3) 4.19x10°
Table 2-4 Experimental conditions of oxygen control test
Temperature of Pb-Bi in high temperature region (°C) 500
Temperature of Pb-Bi in low temperature region (°C) 400
Temperature of Pb-Bi in PbO reaction vessel (°C) . 280-350
Flow rate in circulation loop (L/min) 3
Flow rate in diverged PbO reaction vessel (L/min) 0.5
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Fig. 2-8 MSZ and YSZ sensor surfaces after 3500-hour use in flowing Pb-Bi
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Chapter 3

Liquid Metal Corrosion and Erosion

Behaviors of Steels in Flowing Lead-Bismuth

53



Liquid Metal Corrosion and Erosion
Behaviors of Steels in Flowing Lead-Bismuth Chapter 3

3.1 Introduction

The compatibility of steels in liquid leadss-bismuthss (Pb-Bi) flow is one of the key
issues for the development of accelerator driven systems (ADS) with a target of Pb-Bi
and Pb-Bi cooled fast breeder reactors (FBRs)[1]. It has been expected to have a
corrosion resistance of steels if stable oxide films are formed on the surface of the steels
as protective layers by controlling oxygen potential in the Pb-Bi adequately.
~ However, it is probable that some the spallation products in the target of the ADS
may decrease the oxygen potential in the Pb-Bi to a value of less than that nec‘essary for
the formation of Fe;O4. As a result, iron oxide films covering the steels are reduced, and
the steel surface is directly exposed to Pb-Bi flow, which leads to the liquid metal
corrosion (LMC) where steel elements are dissolved into Pb-Bi. An aluminum coating
on the steel surface is expected to be effective for the formation of a protective oxide
layer, since the aluminum is easily oxidized at low oxygen potential. Kurata et al.,
reported that the effectiveness of Al oxide layer by the coating of aluminum on the steel
surfaces. However, the If the protective oxide layer or the alumina coating was not
formed successfully, the steel corrosion is not inhibited.

The LMC may accompany Pb-Bi penetration into the steel where mechanical strength
may be weakened. As the dynamic pressure and shear stress of the Pb-Bi flow acting on
the steel surfaces are ten times as high as those of ordinary fluids such as water, the
mechanically weakened parts may be broken by the fluid-mechanical forces. This type
of fluid-mechanical damage is called “erosion”. The erosion should be avoided since it
causes serious damage of material and a large weight loss. The erosion of steels exposed
to a Pb-Bi flow has been reported so far [2,3,4]. The erosion can be classified to the
widely damaged surface along the flow as if fluid carries out the surface material by a
strong dynamic pressure and the pitting type erosion where material is deeply lost from
narrow surfaces.

Although the apparent feature of the erosion, such as damaged surface shapes, has
been reported so far, the mechanism of the erosion has not been made clear yet. In order
to know the mechanism, the behavior of the eroded parts must be observed
metallurgically. In the present study, the corrosion/erosion test of nine steels in a Pb-Bi
flow was carried out at low oxygen potential and high velocity, and the behavior of
erosion and that of corrosion around the eroded region was investigated metallurgically..

3.2 Experimental apparatus and procedure

Experimental apparatus and conditions

. Figure 3-1 shows the Pb-Bi forced convection-type corrosion test apparatus used for
the present test. The apparatus consists of an electromagnetic pump, the electromagnetic
flow meter, electrical heater, the test section, air cooler, expansion tank, and dump tank.
The circulation loop has Pb-Bi inventory of 0.022 m’, and consists of a hot loop region

54



Liquid Metal Corrosion and Erosion
Behaviors of Steels in Flowing Lead-Bismuth Chapter 3

(550 °C) from the heater to the cooler made of STBA26 (9Cr-1Mo steel) to avoid
corrosion and a cold loop region (400 °C) made of SS-316. Inside of the test apparatus
was kept clean by being burned by heaters, evacuated and filled with argon having a
purity of 99.999% to achieve clean condition. The Pb-Bi was melted in the dump tank
-up to 180 °C for several days and then Pb-Bi at the temperature of 250°C was charged
with a rate of approximately 0.5L/min from dump tank to the circulation loop which
was heated up to 250 °C. Pb-Bi was circulated by the electro-magnetic pump at the rated
operation flow rate, and heated up to 400 °C. At the inlet of the hot region, an electrical
heater operated to heat Pb-Bi to the temperature of 550 °C. And at the outlet of the hot
region, cooler operated to cool down Pb-Bi at the temperature of 550 °C.to the
temperature of 400 °C. ‘

The 2.3 mm-thick plates of test pieces were mounted in the cylindrical holder made
of molybdenum as shown in Fig. 3-2. The holder was inserted in the test section of the
corrosion test loop as shown in Fig. 3-3. The Pb-Bi flows in two Pb-Bi flow channels of
13mm in width, 2mm in height and 425 mm in length above and below the test pieces.

Test conditions are summarized in Table 3-1.

Measurement and control of oxygen potential in Pb-Bi

The oxygen sensor was mounted downstream from the test section. The sensor was
made of a cylindrical solid electrolyte conductor, ZrO,-Y,0; with the reference
electrode of platinum pasted inner surface in a purged air flow. The sensor was placed in
an argon cover gas space during the normal operation, and was immersed in the Pb-Bi
melt by increasing the Pb-Bi free surface level by the control of pressure in Ar cover gas
space when the oxygen potential was measured.

During the corrosion test, the oxygen potential was controlled by the injection of a
mixture gas of argon, hydrogen and moisture into Pb-Bi .in the expansion tank. The
hydrogen and argon flow rates were measured with purge meters, the moistured steam
concentration was measured to be 93 %, and the temperature of the water bath was
measured with a sheathed type-K thermocouple. The partial pressure ratio of hydrogen
to steam was estimated from the saturation pressure of the steam at the temperature in
the water bath and flow rates. The mixture gas was heated up in the supply tube and
then injected into circulating Pb-Bi flow in the expansion tank at the temperature of 400
°C through a vertical 1/4 in. steel tube. The injection gas flow rate was chosen in the
range of 70-100ml/min. The mixture gas remained in the cover gas space of the
expansion tank, and then went out to the atmosphere.

In the present study, the formation of protective oxide layer as described in Ref. [4-7]
on the steel surface was inhibited to investigate the erosion and corrosion behaviors in a
Pb-Bi at low oxygen. Figure 3-4 shows the diagram of the Gibbs free energy of oxide
formation and oxygen potential. If the oxygen concentration of Pb-Bi is kept to be lower
than the Fe;04 formation potential, the steel may have no protective outer oxide films of
Fe;04 and no internal layer of (Fe, Cr);04. The oxygen potential, (R7/2)InPqo,, is
expressed by
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RT C
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where C is the oxygen concentration in the Pb-Bi, and the saturated concentration or the
solubility of oxygen in Pb-Bi at the temperature of 7"in the unit of wt.%, C;, is provided

by [8]

logC, =1.2-3400/T (673K <T <973K) . (3-2)

The curves of constant oxygen concentration and constant partial pressure ratio of H; to
H,0 are shown in Fig.3-4. The partial pressure ratio of Py, /Puyo in the mixture gas was
chosen to be 0.217. From the value of Pyy/Pmpo in the injected gas, the oxygen potential
and the oxygen concentration in the expansion tank was determined from Egs. (3-1) and
(3-2). Although the temperature increased, i.e. from the expansion tank to the test
section, the oxygen concentration in the Pb-Bi is kept constant along the thick curve.
Therefore, the oxygen concentration in the test section was estimated to be 2x10 wt%;
at 550°C, Cr,0s is stable but Fe oxide is not formed.

During the corrosion/erosion test, the oxygen concentration downstream from the test
section was measured using the oxygen sensor. It was confirmed that the electromotive
force of the oxygen sensor reached equilibrium after 80-hour gas injection.

Measurement of weight change and SEM/EDX observation and

analysis

After the exposure to the Pb-Bi flow for 1,000 hours, the test piece holder was
immersed in a glycerin pool at temperature of 200 °C to remove adhered Pb-Bi on the
test piece surfaces [7] and to observe the occurrence of the LMC. The surface of the
steels had metallic luster before the test. The change of surface color was checked after
the exposure, and the occurrence of erosion and the existence of adhered Pb-Bi were
inspected by microscopy.

For the measurement of weight change, metal elements dissolved in Pb-Bi with
higher melting point than that of pure Pb-Bi were removed by applying nitric acid to the
test pieces (c). An electronic reading balance with the accuracy of 0.1mg was used for
the measurement of weight change.

The test pieces (a) were cut across the eroded regions and molded into a resin as

~shown in Fig. 3-5. The faces of the cross section were polished with a mechanical
grinder with polishing agent of polycrystalline diamond and lubricant of ethanol, and
observed and analyzed using the SEM/EDX.
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3.3 Test materials

Alloying components of the test pieces are presented in Table 3-2. SCM420 is a low
-alloy steel, STBA28, NF616 and STBA26 were developed for supercritical pressure
boilers, HCM12 and HCMI12A are candidates as for structural materials of fossil fuel
power plants, ODS is a cladding steel strengthened for the use at high temperature and
high radiation condition in sodium cooled FBRs, and F82H is foreseen to be used as
blanket material in the fusion reactors. .

The test pieces were mounted in the test piece holder in the following order from
upstream to downstream: (1) SCM420, (2) ODS, (3) F82H, (4) STBA26, (5) NF616, (6)
HCM12, (7) HCM12A and (8) SS-316.

The test pieces were 15mm wide, 10mm long and 2.3 mm in thickness. And in total,
. four test pieces exposed of each steel. Analysis method is shown in Fig.4, that is, the
test piece (a) was prepared for metallurgical analysis, the test piece, the test piece (c)
was for the measurement of weight change and the test piece. (b) and (d) was a spare of
(a) and (c), respectively.

3.4 Liquid Metal Corrosion and Erosion of Steels

Corroded surface

The photographs of the test piece in the molybdenum holder are shown in Table 3-3.
The surface of SCM420 exhibited severe erosion, particularly on the upstream end of
the test piece (a) where dynamic pressure acted (Table 3-3, the left end of SCM420). All
of the surface of ODS was covered with Pb-Bi. F82H exhibited severe erosion,
particularly at the sides and corners of the test pieces. Although STBA26 exhibited
strong erosion, particularly in the test piece (b), no erosion was observed in the test
pieces of STBA28 and NF616 in spite that their alloying components are similar to
those of STBA26. HCM12 exhibited crack-like erosion, while HCM12A with similar
alloying components to those of HCM12 exhibited smooth surface without erosion. The
surface of SS-316 was completely covered with Pb-Bi.

Corrosion Analysis using SEM/EDX

Corrosion/erosion behaviors in SCM420, ODS and F82H
Figure 3-7 shows the results of SEM/EDX observation and analysis for the
cross-section of SCM420. A large amount of surface material was lost by erosion, and
Pb-Bi penetrated into the steel matrix, probably into grain boundaries. The penetration
depth was approximately (app.) 40um. According to EDX analysis, app.80wt% of Bi
(Fig.3-7, point no.2 and 5) was detected in the penetration region, and the content of Fe
was app.10 wt% in the interface of the penetrated region and the steel matrix.
Figure 3-8 (a) shows the behavior of corrosion in ODS in Pb-Bi. It is found that the
ODS did not exhibit severe LMC and the Pb-Bi penetration depth was only app.5um.
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The content of Pb was a little higher than that of Bi in the penetration region, and small
amounts of Fe and Cr were detected in the adhered Pb-Bi.

Figure 3-8 (b) shows the behavior of corrosion in F82H which exhibited Pb-Bi
penetration into grain boundary with a depth of up to 22um. Some vacancies are
observed around the interface between the Pb-Bi penetration region and the steel matrix.
The content of Bi was higher than that of Pb in the Pb-Bi penetrated region as it was in
SCM420. ‘

Figures 3-9 (a) and (b) show two types of erosion in F82H, respectively: narrow
erosion like pitting and wide erosion. It is found that the pitting was app.35um in depth
and app.100um in width and Pb-Bi penetrated deeply from the bottom of the pitting.
The erosion was app.2mm in width and 200pum in depth in Fig. 3-9 (b). The enlarged
view of the local erosion is shown in Fig. 3-9 (c). It is found that Pb-Bi penetrated so as
to envelop a lump of steel, which suggests the mechanism of erosion, that is, the lump
of steel may be carried away easily from the steel matrix by the Pb-Bi flow because the
strength of the penetration region decreases.

Corrosion/erosion behaviors in STBA26, STBA28 and NF616

Figures 3-10 (a) shows the corrosion behavior of STBA26. The surface became
rough and Pb-Bi penetrated into the steel matrix up to a depth of app.16pum. The content
of Pb was higher than that of Bi near the interface of the penetration - region and the steel
matrix as shown in point No.4 of Fig.3-10 (a), while Fe was detected in the Pb-Bi
penetration region as shown in point No.1-3 of Fig.3-10 (a).

Figure 3-10 (b) shows the corrosion behavior of STBA2S8. It exhibited similar
corrosion behavior to that of STBA26 possibly because of nearly the same contents of
alloying components as those of two steels. The depth of Pb-Bi penetration was app. 20
um. The content of Bi was much higher than that of Pb in the penetration region as
indicated by point No.1-3 of the EDX analysis in Fig. 3-10 (b), although the content of
Pb was app.40 wt% in the interface between the penetration region and the steel matrix.

Figure 3-11 (a) shows the erosion in STBA26 which is 120um in depth and 500pum
in width. It is found that Pb-Bi penetrated into the steel matrix, and there appeared some
defects in the edge regions shown in Figs. 3-11 (b) and (d). Pb-Bi penetrated more
deeply into the steel matrix from the bottom of the eroded region as shown in Fig. 3-11
(¢). The result of the EDX analysis in Fig. 3-11 (¢) shows that the contents of Pb and Bi
were high in the penetration region. The Pb-Bi penetration behavior in the eroded region
was similar to that in the corroded region shown in Fig.3-10 (a).

Figures 3-12 (a) to (c) show the results of SEM/EDX observation and analysis for
cross sections of NF616. Although erosion in NF616 could not be observed in the
surface observation due to the cover of Pb-Bi, the result of SEM observation indicated
the occurrence of erosion in NF616. In the eroded region, some lumps of steel were
detached from the surface. Figure 3-12 (b) shows that Pb penetrated into the steel
matrix in the depth of app.15pum from the interface between adhered Pb-Bi and steel
matrix. The content of Pb was much higher than that of Bi in the penetrated region as
indicated by No.3-4 in Fig. 3-12 (b). Figure 3-12 (c) shows the penetration behavior in
corroded region in NF616. It is found that the penetration behavior in the corroded
region was similar to that in the eroded region.
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Corrosion/erosion behaviors in HCM12 and HCM12A

Figure 3-13 (a) shows the corrosion behavior in HCM12. The Pb-Bi penetrated into
the steel matrix and grain boundary in the depth of app.21um from a rough interface
‘between steel and adhered Pb-Bi. The content of Pb was higher than that of Bi around
the interface as shown in the result of EDX analysis. The adhered Pb-Bi contained Fe
and a little amount of Cr. Pb-Bi penetration into grain boundary was observed clearly.
Figure 3-13 (b) shows the Pb-Bi penetration behind some lumps of steel which might
be detached easily, and Fig. 3-13 (c) shows the deep Pb-Bi penetration with adhered
Pb-Bi in the eroded region. The penetration region was between app.100pm deep and
app.200um wide.

Figure 3-13 (d) shows the corrosion behavior in HCM12A where Pb-Bi penetrated
into a depth of app.15um. Some continuous holes were observed along the Pb-Bi
penetration region. The content of Bi was higher than that of Pb in the Pb-Bi penetration
region. There was a little amount of Cr although the content of Fe did not decreased.

Corrosion/erosion behaviors in SS-316

SS-316 is corroded up to a depth of app. 100pm and erosion has already started (See.
Fig. 3-14(a)). The corroded region can be distinguished into two layers from the Pb-Bi
penetration behavior into grain-boundaries and the results of EDX line analysis. Pb
penetrated into a depth of app. 42um in the outer region (A), while Pb-Bi penetrated in
the depth of 208um in the intermediate region (B). The contents of Ni and Cr decreased
in the Pb-Bi penetration region.

3.5 Weight changes of Steels on Liquid Metal Corrosion

and Erosion

Figure 3-15 shows the result of the weight change measurements of the test pieces.
The weight loss of SCM420 was the highest, and those of F82H and NF616 were high.
This is probably because these steels contained low Cr concentration. The weight losses
of SCM420, F82H, STBA26, NF616, HCM12 and SUS316 that were eroded were
higher than those of ODS, STBA28 and HCM12A that were not eroded. The weight loss
of STBA26 was two times as high as that of STBA28, and the weight loss of HCM12
was five times as high as that of HCMI2A, although the contents of alloying
components were nearly as the same as each other in both cases.
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3.6 Erosion mechanism

Under the present oxygen potential, the LMC, particularly Pb-Bi penetration, took
place in all the steels, and severe erosion occurred in some of the test pieces. In a
previous test using Pb-Bi with an oxygen concentration of 5x107 wt% [2], LMC and
erosion did not occur on the same steels and comparable conditions. Therefore, it has
been confirmed that oxygen concentration in Pb-Bi lower than the formation potential
of Fe;04 suppresses the formation of protective oxide layers and enhances the LMC,
and as consequence the erosion well.

The degree of LMC, or Pb-Bi penetration depth, and erosion may be related to each
other, depending on the types of steels: Pb-Bi penetration was deep and erosion
occurred in SCM420, F82H and HCM12 as shown in Fig. 3-16. This may be attributed
to low content of Cr, particularly in SCM420 where protective Cr oxide films cannot be
formed easily. SS-316 which has high contents of Cr caused severe Pb-Bi penetration
and erosion possibly due to that Ni is dissolved out of the steel surface [8] and porous
layer remained which underwent a phase transformation into a into ferrite structure.
Pb-Bi can easily penetrate into the porous layers.

The depth of Pb-Bi penetration was almost the same among STBA26, STBA28 and
NF616 possibly because of nearly the same contents of alloying components. The Pb-Bi
penetration was not so deep in ODS and HCM12A that subjected no erosion. In the case
of ODS, the grain boundary with unique structure [9, 10] might beneficially influenced
to that.

The process from corrosion to erosion can be explained schematically in Fig. 3-17. It
is described as follows: at first, the LMC occurred on the steel surface exposed to high
temperature Pb-Bi, where Pb-Bi penetrates into grain boundaries. The grain boundaries
are weakened, and consequently, some grains are taken away from the steel matrix by
the hydrodynamic shear forces of the Pb-Bi flow. Some defects formed by dissolution of
alloying elements into Pb-Bi may enhance the detachment of a lump of steel from the
steel matrix. Therefore, the Pb-Bi penetration might cause large-scale erosion.
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6. Conclusion

The corrosion/erosion behaviors of 9 existing steels were investigated by means
.of corrosion test for 1,000 at low oxygen concentration of 2x10™ wt% under the
conditions of the temperature of 550°C, the non-isothermal loop temperature
difference of 150°C, and the flow velocity of 2m/s. Conclusions are as follows:

6)) Pb-Bi penetration-type corrosion and, in some steels erosion, occurred on
the test piece surfaces because no protective oxide layers were formed
under the present low oxygen concentration less than the Fe;O4 formation

- potential.

@) A relation between LMC and erosion has been confirmed. The degree of
LMC could be evaluated from the depth of the Pb-Bi penetration into steel
matrix. The Pb-Bi penetration was deeper in the relatively low Cr steels of
SCM420 and F82H than in the high Cr steels: ODS, HCMI12, and
HCMI12A.

?3) The austenitic steel, SS-316, was a special case where Pb-Bi penetration
was deep in spite of high Cr content because of high content of Ni in the
steel that dissolves into Pb-Bi and promotes the Pb-Bi penetration. The test
steels which were more deeply penetrated by Pb-Bi exhibited more severe
erosion.

4 Low Cr steel and austenitic steel are more readily eroded under the low
oxygen potential as in this study.
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Table 3-1 Test conditions.
Flow rate (L/min) 6
Flow velocity (m/s) : 2
Temperature of hot region (°C) 550
(Test temperature)
Temperature of cold region (°C) 400
Test time (h) 1000
Table 3-2 Contents of alloying components in test steels.
Cr | Mo | W | Si Others
SCM420 | 1.2 | 0.2 - 0.2
F82H 7.7 11941194 0.1 0.01Ti-0.01Cu
STBA28 | 8.8 1 - 0.4
NF616 9 0.5 1.8 0.3
STBA26 9 1 - 0.2
OoDS 11.7 - 1.9 - | 0.29Ti-0.23Y203-0.18Y
HCMI12A | 12 0.3 1.9 103 0.9Cu
HCMI12 [12.1 ] 1.1 1.0 10.3
SS-316 18 2-3 - 0.1 10-14Ni

Table 3-3: Photographs of test piece surfaces in molybdenum holder.

Steel Surface observation NF616
: (9Cr-0.5Mo-
SCM420 8W)
(1Cr)
) -Covered with
-Erosion- Pb-Bi-
ODS HCM12
(11.7Cr-1.9W-0.29Ti- (12.11C(;-\-%1].1Mo
23Y203-0.18Y) ’ )
-Covered with -Erosion-
Pb-Bi- HCM12A
FR2H (12CI’—0.3M0
(7.7Cr-1.94Mo W)
-1.94W
-0.01Ti-0.01Cu) -Smooth-
-Erosion- S5-316
(18Cr-2Mo
STBA26 -12Ni)
(9Cr-1Mo)
-Rough surface-
-Erosion- :
STBA28
(8.8Cr-1Mo-
0.4S1)
-Smooth-
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Fig. 3-1 Lead-bismuth corrosion test loop.
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Test piece holder

Fig. 3-2 Schematic of test section.
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Fig. 3-3 Schematic of test piece holder.
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Fig. 3-6 SEM/EDX observation and analysis for cross section of eroded region

in SCM420.

67



Liquid Metal Corrosion and Erosion

Behaviors of Steels in Flowing Lead-Bismuth Chapter 3
10um 10um

L L |

e——P———P—>

V< V“! [ 4
Adhered Pb-Bi Steel Resin Adhered Pb-Bi Steel
Pb-Bi penetration Pb-Bi penetration
100 100 —--Fe
80 . --Fe 80 e
¢ |mor o / Mo
60 60 -

Weight (%)

e | Fo N

40 X "'.‘ '," .".‘ % 40 X -

e P B S o
- o Bi L&/.

; o Lo | -0 Bi
- #—@0‘2@ 5

1.2 3 4 5 6 7 8 1. 2 3 4

(a) (b)
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4.1 Introduction

One of the key issues to develop lead-bismuth (Pb-Bi) cooled fast breeder reactors
(FBRs) [1] is the compatibility of core and structural materials with Pb-Bi flow at high
temperatures [2, 3].

Gorynin et al. [4] reported that the compatibility of steels with liquid Pb is
dominated by two types of corrosion, i.e. oxidation in the liquid Pb with high-oxygen
concentration and so-called liquid metal corrosion (LMC) in the liquid Pb with
low-oxygen concentration (Chapter 1, Fig. 1-2). It can be expected that the corrosion
behaviors of steels in the liquid Pb-Bi are similar to that in the liquid Pb. The LMC
behaviors of steels in the liquid Pb-Bi was reported in Chapter 3.

-The study on the oxidation characteristics of steels in liquid Pb-Bi was carried out.
The purpose of the present study is to investigate the corrosion characteristics of the
steels in the flowing Pb-Bi.

4.2 Experimental Apparatus and Procedure

Pb-Bi forced convection loop

Figure 4-1 shows the schematic of the forced convective Pb-Bi circulation loop
used in the present corrosion test. The working fluid was Pb-Bi with a melting point of
125°C. The loop consists of a high temperature region made of 9Cr steel and a low
temperature region made of SUS316 steel. The high temperature region has the electric
heater, the corrosion test section and the oxygen sensor, and the low temperature region
has the air cooler, the expansion tank, the electro-magnetic pump, and the
electro-magnetic flow meter (explained in detail in Chapter 8-2). The cover gas of the
expansion tank and the dump tank was argon having purity of 99.999%. Major
specification of the loop is shown in Table 4-1.

The Pb-Bi in the dump tank was heated up to 180°C and melted. The circulation
loop was heated up to 180 °C, and the Pb-Bi was charged from the dump tank into the
circulation loop at a flow rate of approximately 0.5 1/min by the pressurizing the dump
tank at 0.18 MPa with the loop pressure of 0.02 MPa. The Pb-Bi was circulated by the
electro-magnetic pump at the rated operation flow rate, and the flow rate was measured
by the electromagnetic flow meter. During the corrosion test, Pb-Bi was heated by the
electric heater to the temperature of 550 °C at the inlet of the test section, and cooled
down by the air cooler to the temperature of 400°C at the outlet of the cooler. Due to
the loop temperature difference, dissolved steel alloying elements in the hot region
were transported to the low temperature region, and then precipitated there because of
the lower solubility of the elements at the lower temperature. Therefore, a steady

condition of dissolved element concentrations in the hot and cold regions were
achieved without the saturation of the elements in the hot region'®.

Figure 4-2 shows schematics of rectangular plate-type steel specimens mounted in a

cylindrical molybdenum specimen holder. The holder was wound by a Mo wire, and
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inserted into the test section as shown in Fig. 4-3. Then, Pb-Bi flowed in two flow
channels above and below the specimens which were 13 mm wide, 2 mm high and 425
mm long. ‘ _

The oxygen concentration in Pb-Bi was measured with the oxygen sensor which was
-mounted at the outlet of the corrosion test section. The oxygen sensor was a solid
electrolyte conductor made of a cylinder of magnesia stabilized zirconia (Zr,0-MgO)
with the reference fluid of oxygen-saturated bismuth, that is, a mixture of 95wt%Bi
and 5wt%Bi,03. Electro-motive force between Pb-Bi and the reference fluid was
measured and the oxygen potential in Pb-Bi was estimated from the Nernst equation.

Experimental conditions

Experimental conditions are summarized in Table 4-2. The specimens were exposed
to Pb-Bi flow for 1,000 hours.

In order to form the protective oxide layer of Fe;O4 on the steel surface that can
suppress LMC, the oxygen potential in Pb-Bi was controlled to be slightly higher than
Fe;04 formation potential on the diagram of Gibbs free energy of oxide formation in
Fig. 4-4. The electromotive force measured using the oxygen sensor at 550°C was
0.43V during the operation. From the electromotive force, the oxygen concentration in
Pb-Bi was calculated using the Nernst equation and oxygen solubility in Pb-Bi by
Gromov et al. [5] as 3.7x10™*wt% and 1.7x10"*wt% using PbO and Pby 45Big 5501 275 for

AGY, respectively. It is found in Fig. 4-4 that the measured oxygen concentration was

slightly higher than the Fe;O4 formation potential. With this oxygen content, it is
expected that an outer oxide layer of Fe;O4 and an inner layer of Fe (Feix, Cry), Oy4 are
formed for high Cr steels according to the report of Fazio et al. [6].

Procedure of specimen analysis

In order to evaluate corrosion rate of the steels in the flowing Pb-Bi, the weight loss
of specimens caused by the dissolution of the alloying elements into Pb-Bi or
detachment of unstable oxide layer during the exposure into Pb-Bi has been measured.
For the measurement of the weight loss, it is necessary to remove adherent Pb-Bi to the
specimens, although the oxide layers should not be removed for subsequent
metallurgical analysis. However, in the previous experiment [7], adherent Pb-Bi was
removed together with the oxide layers by immersing specimens in a hot sodium pool.
According to F. Barbier and A. Rusanov, the immersion of the specimens in a hot
glycerin pool is adequate for the removal of adhered Pb-Bi without removing the oxide
layers [8]. Thus, in the present study, the adherent Pb-Bi was removed by using a hot
glycerin pool for the measurement of weight loss. -

After the 1,000-hour exposure of the specimens to the Pb-Bi flow, the specimen
+ holder was demounted from the test loop, and immersed in a glycerin pool at the
temperature of 180°C to remove adherent Pb-Bi from the outside and inside of the
holder. Then, the holder was opened and the specimens were taken out of the holder,
and rinsed again in glycerin pool at the temperature of 180°C to melt and remove

77



Oxidation Corrosion Behaviors of Steels
in Flowing Lead-Bismuth Chapter 4

adherent Pb-Bi from the specimen surfaces without removal of the oxide layers.
Finally, glycerin on the specimen surface was removed in warm water at the
temperature of 70°C.

The surfaces of the specimens were observed before and after the exposure to
inspect the occurrence of erosion. In order to determine the corrosion rate, weight
losses of the specimens were measured using an electro reading balance with an
accuracy of 0.1mg. The specimens were cut at the span wise center. The cross sections
were polished, and then analyzed by a scanning electron microscope (SEM)/
energy-dispersive X-ray spectrometer (EDX).

4.3 Test materials

Various steels were chosen as test material for the comparison of corrosion
characteristics. Chemical components of test material are presented in Table 4-3. Low
Cr steel, SCM420, is for structural material. Martensitic steel, F82H, has been
developed as fusion blanket material [9]. STBA26 and NF616 are for boiler at high
temperature. Martensitic steel, SUH3, has been developed for inner combustion
material. Martensitic steel, ODS, has been developed as cladding material of fuel rods
in sodium cooled fast breeder reactor [10]. HCM12A and HCM12 have been developed
for the structural material of supercritical thermal power plant [11]. Ferritic steel,
SUS405 and SUS430, and austenitic steel, SUS316, have been used as structural
materials for chemical plant.

The sizes of the specimens are shown in Table 4-4. In order to remove the effect of
surface roughness on corrosion behavior of each specimen when they were compared
with each otherls), the surfaces were polished to be at the same smooth condition of
arithmetical mean surface roughness Ra of 1.5um The polish is also needed to remove
oxide layers as an initial surface condition.

The specimens were mounted in the specimen holder in the flow direction in the
following order: (1) HCM12A, (2) SUH3, (3) STBA26, (4) NF616, (5) SUS430, (6)
SUS405, (7) SUS316, (8) F82H, (9) ODS, (10) SCM420. The steels mounted in
upstream region were chosen to be more corrosion resistant based on the previous
study in order to prevent the influence of metal dissolution from specimens upstream
on corrosion of specimens downstream. .
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4.4  Oxide Layers on Steels

Surface observation

The surfaces of the specimens after the 1,000-hour exposure are shown in Fig. 4-5.
It can be seen that no appreciable traces of erosion existed on all of the steel surfaces.
The surface state was similar to each other in all the specimens. The colors of the steel
surfaces changed from initial metallic luster before the exposure into black after the
exposure, which suggested the formation of corrosion products or oxide layers on the
surfaces. ‘

Oxide layer analysis using SEM/EDX

HCM12A and HCM12

On the surfaces of HCM12A, triple oxide layers were formed as shown in Fig.
4-6 (a). These layers can be classified into the outer layer (O), the middle layer (M)
and the inner layer (I). The Fe-rich outer layer (O) was broken into some pieces and
peeled from the substrate, while the Cr-rich middle and inner layers stuck to the
substrate stably (Fig. 4-6 (a) No.1, 2 and 3). The thickness of the each layer is shown in
Table 4-5. . '

It was observed in HCM12 (Fig. 4-6 (b)) that double oxide layer formation. The
outer layer (O) consisted of the small fragments. The inner layer (I) was compact and
stuck to the substrate. The weight ratio of Fe to Cr in the outer layer and inner layer
was app. 2:1 and 7.2, respectively (Fig. 4-6 (b) Nol, 2 and 3).

The major difference between the layers in HCM12A and HCM12 is that the crack
existed in the outer layer on the former steels. In both of the steels, no sign of Pb-Bi
penetration was observed beneath these layers.

NF616 and STBA26

Triple oxide layer was observed on NF616 surface (Fig. 4-6 (c)). There were some
cracks in the outer layer where Fe was poor and Cr was slightly enriched compared
with that of the matrix (Fig. 4-6 (c) No.1). Fe content was poor and Cr and W were
enriched in the middle layer (Fig. 4-6 (¢) No.2) which might be effective together with
the quite thin oxide layer close to the surface of the inner layer to protect the steel from
corrosion.

The surface of STBA26 was covered by the oxide layer with double layer structure:
(Fig. 4-6 (d)). The outer layer (O), where Cr was enriched (Fig. 4-6 (d) No.l), seemed
to correspond to the middle layer in NF616 (Fig. 4-6 (¢) No.2) since a developing scale
could be observed on the outer layer. The inner layer was very thin as it merged with
the steel matrix. Beneath the layers, Pb-Bi penetration was not detected. From these
facts, the outer layer inhibits Pb-Bi penetration even though the oxygen penetrated
through the outer layer.
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SUS430 and SUS405 ‘

Double oxide layer was observed on the surface of SUS430 as shown in Fig. 4-6(e).
The Cr-enriched outer layer (O) had some cracks. Inner layer (I) consists of the small
pieces. '

On the SUS405 surface (Fig. 4-6 (f)), the app.6.7um thick outer layer (O) and
app.4um thick inner layer (I) were observed. In the outer layer A, Cr was enriched (Fig.
4-6 (f) No.l), and there were some cracks particularly on the rough part of the steel

surface?V,

ODS

It was observed in ODS that the oxide layers were formed and that composed of two
layers: outer layer (O) of app.7um in thickness and inner layer (I) of app.llpm in
thickness (Fig. 4-6 (g)). The Cr-enriched outer layer was broken to small fragments
and peeled from the inner layer. In the thick inner layer which stuck to the matrix
stably, Cr was enriched only slightly compared with that of the steel matrix (Fig. 4-6

(g) No.2). Some transverse cracks existed on the convex part of the steel surfaces™.

F82H

Double oxide layer: app.8.3um thick outer layer (O) and app.4um thick inner layer
(I) were observed (Fig. 4-6 (h)). The Cr-enriched outer layer was peeled form the inner
layer. The W enriched inner layer was also peeled from the surface (Fig. 4-6 (h) No. 2).
Beneath the inner layer, Pb-Bi penetrated into the steel matrix.

SUS316

Single oxide layer was formed on the surface of SUS316. Fe was poor and Cr was
enriched in the layer (Figs. 4-6 (i) and (j)). The Pb-Bi penetration was partially caused
by the dissolution of Ni and Cr into Pb-Bi. However, the depth was app.15pum which
was much shallower than that caused erosion without the formation of the oxide layer
in previous study (see Chapter 3-3).

SUH3

There were two layers on the surface of SUH3 as shown in Fig. 4-6 (k). The outer
oxide layer was peeled from the steel surface. The inner layer was thin and the surface
is smooth without damage. It has been found by EDX analysis that Si was enriched
only in the inner layer. '

SCM420

Figure 4-6 (1) shows that SCM420 characterized by low-alloy steel has only single
layer with cracks. In the layer, Cr was not enriched.

80



Oxidation Corrosion Behaviors of Steels
in Flowing Lead-Bismuth Chapter 4

4.5 Weight Changes of Steels in Flowing Pb-Bi at High
Oxygen Concentration

Figure 4-7 shows the measured weight losses of the specimens. All the steels lost
their weight during the exposure. The weight loss in SCM420 was the largest among
- all the steels. The weight loss of F82H, ODS and HCM12A were also large. The
weight losses of SUH3 and SUS430 were less than the other steels. Although the
HCMI12A specimen decreased the weight, HCM12 which has chemically similar
components increased the weight in the Pb-Bi. That is possibly because HCM12
formed the compact oxide layer and did not caused the oxidation corrosion (Fig. 4-6
(b)), while the HCMI12A caused the oxidation corrosion due to the detachment of
unstable outer oxide layer (Fig. 4-6 (a)).

The weight loss of SUS316 was not able to evaluate in the present experiment. That
was because Pb-Bi penetrated into the porous layer formed by the dissolution of Ni and
Cr into Pb-Bi was not completely removed in the glycerin. The weight loss of F82H
might be larger than the measured one since Pb-Bi that rarely penetrated into steel
matrix could not be completely removed by glycerol.

4.6 Effect of Oxide Layer Formation on Corrosion
Resistance

All the test steels formed the oxide layers in the Pb-Bi flow. Although the LMC
occurred in F82H and SUS316, the intensities of the LMC in F82H and SUS316 were
much weaker than those in the pervious results (see Chapters 3-3 and 3-4 ) where the
oxide layers were not formed because of low oxygen content in Pb-Bi. Therefore, the
formation of the oxide layers seemed to be effective to inhibit the LMC.

The structures of the oxide layers depended on the type of the steels as shown in Fig.
4-6. Except for the single layers formed on SCM420 and SUS316, the layers on the
other steels could be observed as multiple which were composed of different chemical
composition as the same as reported by some researchers [6, 8, 12].

As for the property of the multiple layers, the most of the outer layers were cracked
and broken into some pieces. In other words, it is not be effective as barrier for the
corrosion. On the contrary, the inner one was compact and stuck to the steel surface.
Thus, the formation of the compact inner layer was more important to inhibit the LMC.
The formation mechanism of multiple oxide layers on the steels in Pb-Bi could be
explained as follows. Fe-rich oxide layer as the outer layer was formed by the reaction
of Fe and oxygen in Pb-Bi. Then, oxygen diffused from the Pb-Bi into the steel matrix
across the outer layer and reacted chemically with Fe with a condensed Cr. This is
since the Fe was used to form the oxide layer while Cr was remained on the surface.
This might produce a thin and stable oxide layer close to the surface of the steel matrix.
Once the Cr-rich oxide layer was formed, Fe could not be dissolved easily into the
Pb-Bi because of the barrier of the Cr-rich oxide layer.
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4.7 Oxidation Corrosion in Flowing Pb-Bi

The oxide layers were formed on the steels in the liquid Pb-Bi at the oxygen
concentration higher than the formation potential of Fe;04 even though the Cr oxide
layer was not formed at the oxygen concentration lower than that of Fe-oxide
formation but higher than that of Cr-oxide formation (Chapter 3). This is since the
corrosion behavior was well influenced by the alloying elements of Fe, which occupied
app. 80% in the steel matrix. If Fe on the surface does not formed oxide layers, Fe may
be dissolved into the liquid alloy. In the same time, Cr is also dissolved into the liquid
alloy.

Due to the formation of the oxide layers on the steel surfaces, the LMC was
inhibited by the existence of the layer as the corrosion barrier. However, some steels
formed the unstable oxide layers, and caused a break away of the layers. Then, the
corrosion pattern of the steels in the liquid Pb-Bi was changed from the LMC to the
oxidation corrosion. Fig. 4-8 shows the patterns of corrosion which generally occurs
on the steels. The oxidation corrosion of steels in the liquid Pb-Bi is possibly similar to
the oxidation corrosion in the so-called dry corrosion.

4.8 Pilling-Bedworth Ratio (PB ratio) of Oxide Layers
Formed on Steels in Liquid Pb-Bi

The oxidation corrosion in the so-called dry corrosion is caused by the break away of
the unstable oxide layers. Pilling-Bedworth ratio (PB ratio) is well-known
dimensionless number to determine the stability of the formed oxide layers. When the
oxygen in the liquid Pb-Bi diffuses into the steel matrix and formed a metal oxide, the
metal may increase or decrease the volume. Then, the change of the volume in the
metal oxidation process can be expressed by PB ratio ¢

Md

" mD -

where M is the molecular weight of the metal oxide, m is the weight of the metal, D is
the density of the metal oxide and d is the density of the metal. The PB ratio less than 1
indicates the formation of porous oxide layer, and this condition may cause the
oxidation corrosion on steel due to the oxide diffusion though the porous layer. The PB
ratio much higher than 2 indicates the occurrence of the cracks in the oxide layer due
to the stress caused by the great increase of the volume in the oxidation process. Thus,
the PB ratio between 1 and 2 is preferable for the formation of the compact oxide layer
due to the brief stress caused by the slight increase of the volume in the process.

+ Table 4-6 shows the PB ratio provided in ref. [13]. It was found that the metals
increased the volume in the oxidation process in the present study. The PB ratio of the
Cr or Fe-Cr oxide formation is higher than that in Fe oxide formation. The PB ratio of
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the Si oxide formation is higher than these Fe-Cr oxide formation, while that of the Al
oxide formation is much less than those of Fe-Cr or Si oxide formation. Thus, the
oxide layer formed on the Fe-Cr steels and Si rich steel such as HCM12A or SUH3 had
stress in the layer slightly larger than the low alloy steel SCM420.

Table 4-7 shows the self-diffusion coefficient of the metal in the metal oxide at
1000 °C [13]. It was found that the Cr, Si and Al oxide had lower diffusion coefficient.
This indicates that the these oxides have higher oxidation resistance than the Fe oxide.

The stability of the formed oxide layers may be determined by these factors. It can be
summarized that the PB ratio of the oxidation of the structural materials in the liquid
Pb-Bi was agreed with the condition for the compact oxide layer formation. The
self-diffusion coefficient may be influenced on the stability.
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4,9 Conclusion

Corrosion characteristics of the steels in flowing lead bismuth were investigated by
means of the steel corrosion test performed in flowing lead bismuth. Conclusions are
as follows:

The oxide layers were formed on all the test steels in flowing Pb-Bi at the
oxygen potential higher than that required for the formation of Fe;0,.

Beneath the oxide layers, the trace of liquid metal corrosion was not observed
except for austenitic steel SUS316 and martensitic steel F82H.

The oxide layers had a multiple layer structure. The existence of the thin and
compact inner oxide layer was important for the steels to be more corrosion resistant in

Pb-Bi flow.

In the oxide layers which were formed on high Cr steels: HCM12, HCM12A,
SUS405, SUS430, Cr was enriched.
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Table 4-1

- Specifications of forced convective Pb-Bi corrosion test loop
Pb-Bi inventory in loop 0.022 m’
Volume in dump tank 0.066 m
Maximum test temperature 823 K
Maximum system pressure 0.4 MPa
Maximum flow rate 6 1/min
Maximum velocity in test section 2 m/s
Heater and cooler power 22 kW
Structural material in hot region 9Cr-1Mo steel
Structural material in cold region SUS316

Table 4-2 Experimental conditions
Exposure time 1,000 hrs
Pb-Bi temperature in test section 550 °C
Pb-Bi temperature in low temperature | 400 °C
sections of loop
Pb-Bi velocity in test section 1 m/s
Pb-Bi flow rate 3 /min
Oxygen AGY of PbO 3.7x10° wt%
conce_ntration in AG of | 17510 wt%
Pb-Bi )

Pby .45Bi.5501.275
Table 4-3 Chemical components of test steels
Cr | Mo | W | Si others
SCM420 | 1.2 1 02 | - | 02
F82H 7.7 1194194 0.1 0.01Ti-0.01Cu
NF616 9 105[18]03
STBA26 | 9 - 102
SUH3 11 - 2 0.4C
oDS | 11.7] - 1.9 | - [0.29Ti-0.23Y,05-0.18Y
HCMI2A | 12 | 03 | 1.9 | 0.3 0.9Cu
HCM12 |12.1] 1.1 | 1.0 [ 0.3 ‘
SUS405 | 12 - - 1 0.1Al
SUS316 | 18 | 23 | - [ 0.1 10-14Ni
SUS430 | 18 - - 10.75
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Table 4-4 Size of specimens
Length Width
HCMI12A 30 15
HCMI12 10 15
SUH3 30 15
STBA26 55 15
NF616 10 15
SUS430 55 15
SUS405 10 15
SUS316 10 15
F82H 10 15
ODS 10 15
SCM420 (Spacer) 15

Table 4-5 Thickness of oxide layers and Pb-Bi penetration

obtained from SEM analysis

Thickness (um)
Outer | Middle Inner Pb-Bi
layer layer layer | penetration
SCM420 - - 17 | -
F82H - 8.3 4 8.3
STBA26 - 10 2 -
NF616 3 5 2 -
SUH3 - 6.6 1 -
ODS - 7 11 -
HCMI12A 4 4 4 -
HCM12 3 8.2 5 -
SUS405 - 6.7 33 -
SUS316 - - 4.1 8
SUS430 - 6.7 4 -
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Table 4-6 Pilling-Bedworth ratio of oxide layer formed on steel in liquid Pb-Bi
Metal oxide PB ratio Metal oxide . PB ratio
/ metal / metal or oxide
FeO /Fe 1.77 Cr,0; / 21Cr Steel 2.06
Fe O,/ Fe 2.1 Cr,04 / 18Cr-8Ni Steel 2.09
Cr,05/Cr 1.99 Al,0O4/ 12Cr-4Al Steel 1.81
A1203 /Al 1 28 FC(FCCI‘2)204 / 9Cr Steel 21
Si0, / Si 2.15 FeCr,0, / 18Cr-8Ni Steel 2.1
FeO / Carbon steel 1.79 Fe;0,/ FeO ~1.2
FeO / 1Cr-1Mo steel 1.79 Fe, 05/ Fe 04 1.02
Table 4-7 Self-diffusion coefficient of metal in metal oxide layer

1000 °C) (cm?/s)

Metal oxide Self-diffusion coefficient

FeO 9x107

Fe;04 2x107

Cr,0, 3x10™M™

AlLO, ‘ 3x107"

: Self-diffusion coefficient of metal in
Si0, Si0; is less than that of oxygen
(1.3)(10'18 cm?/s)
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Fig. 4-5 Appearance of specimen surfaces in the Mo holder after 1,000 hr-exposure to
the Pb-Bi flow
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5.1 Effect of Pre-oxidation of Steels on Corrosion

Resistance of Steels in Flowing Lead-Bismuth

5.1.1 Introduction

As described in the Chapter 4, the self-healed oxide layers formed on steels are
expected to suppress liquid metal corrosion (LMC) as barrier of a metal elements
dissolution into the flowing lead-Bismuth (Pb-Bi). Although the detachment of the
unstable oxide layer causes oxide corrosion [1], the corrosion rate may be lower than
that of the LMC (Chapter 3.5 and Chapter 4.5). ,

However, the LMC can occur in an initial stage since the steels are bare without
being protected by the oxide layers. Pre-oxidation of the steels may be effective for
suppression of the LMC in the first stage due to the barriers of pre-formed oxide layers.

The corrosion characteristics of pre-oxidized steels in a short-term static immersion
was investigated by L. Soler et al. [2]. In 500-hour immersion in static Pb-Bi at the
temperature of 400°C-600°C, pre-oxidized specimens showed a better corrosion
resistance than the as- received ones. The weight loss of the pre- oxidized specimens
were much lower than the as received specimen at 600°C. This implied that the
pre-oxidation layers were effective as barriers for the dissolution corrosion in the first
stage. However, as the authors concerned in the paper, the corrosion resistance of the
pre-oxidized steels should be tested in the dynamic conditions, since the layer
destruction or detachment may be caused by heavy density Pb-Bi flow in the dynamic
conditions.

The purpose of the present study is to investigate the effect of the pre-oxidation of
the steels on the corrosion resistance in the Pb-Bi flow in the initial stage, and to find
effective condition of pre-oxidation. Several existing steels are oxidized in moist air,
and were exposed to the flowing Pb-Bi in a short-term corrosion test.

5.1.2 Experimental Apparatus and Procedure

Experimental apparatus

Figure 5-1 shows the Pb-Bi forced convection type corrosion test apparatus used in
the present study. The apparatus consists of the electromagnetic pump, the
electromagnetic flow meter, the electrical heater, the steel corrosion section, the air
cooler, the expansion tank, and the dump tank. The circulation loop has an inventory of
0.022 m’®, and consists of a high temperature region (550 °C) from the heater to the

_cooler and a low temperature region (400°C). The high temperature region is made of
STBA26 to avoid the corrosion, and the low temperature region is made of SS316.
Thermocouples inserted into the flow at several points of the loop were used for
monitor and control of the temperature in the Pb-Bi.
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The Pb-Bi flow loop was heated up for removal of volatile contaminants on the
inner surfaces of the loop, evacuated and filled with high purity argon of 99.999%.
Pb-Bi was melted in the dump tank at 250°C for several days, and the circulation loop
was heated up to the temperature of 250°C. Then, Pb-Bi was supplied to the circulation
loop at a flow rate of approximately 0.5 L/min by the pressurizing the dump tank at 0.18
MPa with the loop pressure of 0.02 MPa. The Pb-Bi was circulated by the
electro-magnetic pump at the rated operating flow rate, and heated up to 400°C
uniformly in the loop. Then, the high temperature region was heated up to 550°C by the
electrical heater, keeping the low temperature at 400°C by the air cooler.

Experimental conditions

The corrosion test was performed at the conditions shown in Table 2. The oxygen
concentration of 1.7x10™wt% in the Pb-Bi was determined from the measured EMF of a
solid electrolyte oxygen sensor (see Chapter 2-1) and the Nernst equation, where the
correlation of oxygen solubility in the Pb-Bi provided by Gromov et.al [2] was
employed. The oxygen concentration was higher than the concentration required for the
formation of Fe;O4, which suggests that the pre-formed oxide layer can be maintained
and grown in the melt.

~ After the immersion, the specimens were taken out of the holder. In order to keep
the oxide layer on the surfaces, glycerin was used for the removal of adhered Pb-Bi
instead of nitric acid (see Chapter 3-2).

The surfaces of the specimens were observed before and after the exposure to see if
erosion occurred or not. For the estimate of corrosion rates, the weights of the
specimens were measured before and after the exposure using the electro-reading
balance. The specimens were cut at the span- wise center and the cross sections were
polished, and then observed by scanning electron microscope and energy-dispersive
spectrometer (SEM/EDX).

5.1.3 Test Materials

The specimens with the width of 15 mm, the length of 10 mm and the thickness of
2.3 mm were mounted in the specimen holder, and the holder was inserted into the test
section. Steels tested in this study are presented in Table 5-1. The corrosion test was
performed for normal specimens and specimens with roughened surfaces
simultaneously, and the results are reported in Chapter 5.2.

The surfaces of the as-received specimens were polished using a mechanical
polisher with 9um, 3um and lum polycrystalline diamonds. The specimens had the
smooth surface of arithmetical mean surface roughness, Ra=1um, and the oxide layers
were removed from the surfaces before the pre-oxidation treatment.
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5.1.4 Pre-Oxidation Process

The specimens were pre-oxidized in moist air at 500°C and the partial pressure of
the water vapor of 92.5 Torr for 12, 24 or 72 hours. The surface colors of the
pre-oxidized specimens were light black or blown as shown in Fig. 5-2 (a).

To investigate the effect of the layer conditions on corrosion resistances, the
pre-formed layer was observed and analyzed before the exposure of the specimens to
the Pb-Bi flow. The pre-oxidized specimens were cut at the span-wise center, and the
cross section near the surfaces was observed by a scanning electron microscope (SEM)
and analyzed by an energy-dispersive X-ray spectrometer (EDX).

The result is summarized in Fig. 5-3. Thin oxide layers were formed on high Cr
steels, SS405, SS430 and SS316, and Cr was enriched in the layers. Very thin and
compact oxide layer was formed on Si rich steel, SUH3, and the Cr was enriched in the
layer. Multi-layers were formed on SCM420 and STBA26, where the outer layers were
peeled from the substrate. The detached layer or broken layer may not be effective for
the protection of steel from corrosion as a barrier.

Figure 5-4 shows the weight gains due to the formation of the oxide layers, that
were measured using an electric leading balance with a measuring limit of 0.1 mg. The
weight changes of SS316 and SUH3 were negligibly small. The weight gains of high Cr
steels, SS430 and SS405 were low, which suggested the oxidation resistance in moist air
as indicated by the results of SEM observation in Fig. 5-3. ,

The specimens for corrosion test were pre-oxidized with oxidation time that was
determined based on the data, and then mounted in the holder in the following order
from upstream to downstream: (1) SS430, (Pre-oxidized for 24 hours and 72 hours) (2)
SUH3 (12 hours and 24 hours), (3) STBA26 (12 hours and 24 hours), (4) SS316 (24
hours and 72 hours), (5) SCM420 (12 hours and 24 hours) and (6) SS405 (24 hours and
72 hours) as shown in Fig.2. The bared specimens were mounted upstream with the
other normal specimens in the holder.

5.1.5 Corrosion Characteristics of Pre-Oxidized Steels

Surface state of specimens after exposure

After the exposure to the Pb-Bi flow, the surface color of the specimens changed
from the light black or brown to black color as shown in Fig. 5-2 (b). This indicated that
the corrosion products or oxide layers remained or formed on the surfaces. The erosion
did not occur on the surfaces of the specimens.

Corrosion Rate of Pre-Oxidized Steels in flowing lead bismuth

The mechanism of the weight loss of the pre-oxidized specimens may be different
from that of the bared specimens. The weight of the bared specimens may be lost in the
material dissolution, whereas the weight of the pre-oxidized specimens may be lost in
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detachment of the pre-formed oxide layers and dissolution of metal elements. The
weight loss of SS316 could not be determined since the Pb-Bi penetrated in the matrix.
And, the weight loss of SS405 that was pre-oxidized for 24 hours could not be
estimated since adherent Pb-Bi was observed on the surface of SS405. after the Pb-Bi
‘removal process.

Figure 5-5 shows the result for the weight changes of the specimens in Pb-Bi flow.

The weight loss of SS430 was the lowest among those of the steels. It is found that
there was no appreciable influence of the pre-oxidation on the weight loss.

The weight loss of the pre-oxidized specimen of SUH3 was lower than that of the
bared one. The weight loss of the specimens pre-oxidized for 24 hours was lower than
that of the one pre-oxidized for 12 hours.

The specimen of STBA26 pre-oxidized for 12 hours shows higher weight loss than
the naked one, possibly because the oxide layer that suppressed initial corrosion was not
pre-formed well as shown in Fig. 5-3, or the layer detached from the surface and metal
dissolution occurred. The weight loss of the specimen pre-oxidized for 24 hours was
lower than that in the bared one. This suggests that corrosion was suppressed by a
compact inner layer stuck to the surface shown in Fig. 5-3.

The SCM420 pre-oxidized specimen shows better compatibility with Pb-Bi than the
bared one. The specimen pre-oxidized for 12 hours shows lower weight loss than the
specimens treated for 24 hours. That is possibly because the former one had the inner
layer stuck to the substrate, and the layer inhibited the dissolution type corrosion
initially.

In SS405, bared one increased the weight during the exposure. The specimen
pre-oxidized for 72 hours loss the weight possibly due to the detachment of the unstable
oxide layer shown in Fig. 5-3.

Analysis of Corrosion Using SEM/EDX

Figure 5-6 shows the surface cross section of SS430 after exposure, and the change
of Cr content. On the surfaces of bared specimen and specimen pre-oxidized for 72
hours, no oxide layer or oxide scale was observed. Only the specimen pre-oxidized for
24 hours had the Fe rich layer which contributed to the slight weight gain (Fig. 5-4).

Figure 5-7 depicts the surface cross section of SUH3 specimens and contents of Si
and Cr. In the bared one, thin oxide layer was formed, and Si and Cr were enriched in
the layer. Double oxide layers were formed on the specimen pre-oxidized for 12 hours.
While the outer layer was Fe rich oxide layer, the inner one was Cr and Si rich layer.
The property of the inner layer was similar to the layer formed on the bared one. The
specimen pre-oxidized for 24 hours formed single layer which was also similar to the
layer on the bared one. The compact Si and Cr rich layer may suppress corrosion. The
decrease in the weight loss with pre-oxidation is shown in Fig. 5-5, which implied that

the pre-oxidized layer worked as a barrier for protection from corrosion.

‘ A Cr rich layer was observed on pre-oxidized specimen of STBA26, while the bared
one did not have the layer as shown in Fig. 5-8. However, the layer was broken to some
pieces with cracks. After the exposure, there were no compact layers which were
observed before the exposure. The layer was probably lost by the Pb-Bi flow.
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In the SCM420, the layer did not existed on the surfaces. However, the results of
weight measurement indicated that the layer was effective initially for inhibit the Fe
dissolution into the Pb-Bi.

In the SS405 specimen pre-oxidized for 72 hours (Fig. 5-9), the pre-formed layer
could not be detected, which might be the cause of the large weight loss. Although the
pre-formed layer was lost, the new layer was formed. In the specimens pre-oxidized for
24 hours, the layer was not detected.

In the bared sample of SS316, Cr rich layer was detected on the smooth surfaces
(Fig. 5-10). Pb-Bi penetration into the steel matrix was observed for the pre-oxidized
SS316 specimens. The Pb-Bi penetrated into the grain boundaries. In the specimen of
SS316 pre-oxidized for 24 hours, the grains were surrounded by the Pb-Bi, and the lost
of the grain lead to rough surface and erosion. In the sample pre-oxidized 72 hours, Cr
rich layer was detected on the penetrated surfaces. The pre-oxidation of SS316 seemed
to promote the corrosion. That is possibly because their surface lost the element of Cr
by the detachment of pre-formed Cr rich layer, and the Cr-less surface caused the Pb-Bi
penetration without the formation of the layer.

5.1.6. Summary

The short-term corrosion test with the pre-oxidized steel was performed to investigate
the effect of pre-oxidation on corrosion resistance in the initial stage. The results are
summed up as follows:

(1) High Cr steels had higher resistance for oxidation in moist air than low Cr steels.
Although they can be pre-oxidized with the long-term treatment, the formed oxide
layers were unstable, and the pre-oxidation for high Cr steels was not effective for
the corrosion resistance in the flowing Pb-Bi.

(2) In the low Cr steel, SCM420, and 9Cr steel, STBA26, the pre-oxidation was
effective for the corrosion resistance if the pre-formed oxide layer was compact and
not detached from the substrate.

(3) The Si rich steel, SUH3, shows the oxidation resistance in the moist air. The results
of the weight change measurements after the exposure shows the pre-oxidized
SUH3 had good compatibility with Pb-Bi flow due to the barrier of a stable
pre-oxidized layer in the initial stage of the corrosion.
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5.2. Effect of Surface Roughness of Steels on
Corrosion Resistance of Steels in Flowing Lead

Bismuth

5.2.1 Introduction

In the previous studies, steel corrosion tests were carried out with the parameter of
the oxygen content in the flowing Pb-Bi, where the oxygen content was controlled by
the injection of gas mixture (Chapter 3.) or the use of mass exchanger with lead oxide
(PbO) particles (Chapter 2-2.). The results showed that the steels were protected by a
formed oxide layer from a liquid metal corrosion (LMC) in the Pb-Bi with adequate
oxygen content (Chapter 4.). However, it was also found that the steels caused a
so-called oxidation corrosion via the oxide layer destruction and detachment in the
Pb-Bi. '

It is well known that the characteristics of the oxidation corrosion is well influenced
by the circumstances [1]. In case of the flowing Pb-Bi, high density of the flowing
Pb-Bi causes large frictional and shear stress that act on the surface of the formed oxide
layer. Then, the surface roughness of the steels may influence on the above-mentioned
hydrodynamic circumstance in the flowing Pb-Bi. This is because the large frictional
and shear stress made by the high density Pb-Bi flow can be concentrated in the layer at
~ irregular parts of the substrate.

High Cr steels formed multiple oxide layers in liquid Pb-Bi, and each layer has
different chemical components as reported in Chapter 4 and ref. [4-6]. In this case, an
interfacial stress causes between an inner oxide layer and an outer one due to unequal
growth rates of them [1]. These stress work as the factor for the destruction of the oxide
layer. These stress can be concentrated in the layer at irregular part of the substrate.

Thus, the surface roughness of steels may promote the destruction of the protective
oxide in the flowing Pb-Bi. However, the effect of the surface roughness of the steels on
the oxidation corrosion in the flowing Pb-Bi was not made clear so far.

In the present study, a series of corrosion tests was performed to determine the effect
of surface roughness of the steels on oxidation corrosion in the flowing Pb-Bi. The
specimens of 12Cr and 9Cr steels, which had the surface of smooth, rough and their
middle roughness, were exposed into the Pb-Bi flow at the temperature of 550°C, the
temperature difference of 150°C, the flow wvelocity of 1m/s and the oxygen
concentration of 1x107® and 10wt% for 500, 1000 and 2000 hours.
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5.2.2 Experimental Apparatus and Procedure

Pb-Bi forced convection loop

Figure 5-11 shows the schematic of Pb-Bi forced convection-type corrosion test loop
used in the present study. The loop has an inventory of 0.022 m>, and consists of a hot
loop region (550 °C) from the heater to the cooler and a cold loop region (400°C). The
hot loop region is made of STBA26 to avoid corrosion, and the cold loop region is made
of SS-316.

Liquid Pb-Bi was circulated by the electromagnetic pump, and the flow rates were
measured by the electromagnetic flow meters (see Chapter 8-2). The Pb-Bi temperature
at several points of the loop were monitored using sheathed thermocouples inserted into
the flow.

The specimens were mounted in a cylindrical holder made of Mo, and the holder was
inserted in the test section of the loop.

Experimental conditions

Corrosion tests were carried out at the conditions summarized in Table 5-3 without
interruption during the test period.

The oxygen content in the Pb-Bi was determined by the measurement of the Electro
motive force (EMF) using solid electrolyte oxygen sensor at 550 °C and theoretical
calculation using the Nernst equation (See Chapter 2-1). The oxygen concentrations in
the 500-hour test and 1000-hour test were controlled as 1.7x10®wt%, and plotted with
the symbol of inverse triangle in Fig. 5-12. In the 2000-hour test, the oxygen content
was controlled at 1x10°wt% by the use of the mass exchanger with PbO particles. This
condition was plotted with the symbol of black triangle.

Examination of corrosion

After the test, the specimens were demounted from the loop. In order to keep the
oxide layers formed on the specimen surfaces, glycerin was used for the removal of
adhered Pb-Bi without removal of the formed oxide layers [6].

To investigate the change of surface roughness on the steels exposed in the flowing
Pb-Bi, the surface roughness were analyzed using color laser 3D profile microscope
before and after the exposure. The distributions of local surface height of test steels,
y=f(x), were measure over the length of L as shown in Fig. 5-13, and the arithmetical
mean surface roughness, Ra, was calculated by

1
vRa=ff|f(x)|dX. (5-1)
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Hydrodynamic environment around the specimens in the holder was summarized in
Table 5-4. The Reynolds number in the specimen holder was nearly 22,600, and the
flow is turbulent. The corrosion products or oxide scales formed on the steel surface
may be influenced by turbulent flow, if the height of them is higher than the thickness of
‘buffer-layer of 0.9um as shown in Fig. 5-14.

After the measurement of surface roughness, the specimens were cut at span wise
center, and their cross sections were observed and analyzed by the scanning electron
microscope (SEM) and energy-dispersive X-ray spectrometer (EDX).

5.2.3 Test materials

Chemical components of test materials are presented in Table 5-5. 9Cr steels,
STBA26 and STBA2S, are for high temperature boilers. 12 Cr steels, HCM12A and
HCM12, were developed for the structural material of supercritical pressure boilers.
These steels were machined into the specimen of 15 x 10 x 2.3 mm dimension for the
corrosion tests.

5.2.4 Surface Polishing Process

In the 500-hour test, the specimen surfaces of STBA26 and HCM12A were made
smooth, middle and rough using a mechanical polisher with polycrystalline diamonds
and ethanol (polishing lubricant). The as-received specimen was used for the rough
surface one without polishing. The middle one was made by polishing with 9um cloth.
The smooth one was made by polishing with 9um, 3um and lum polycrystalline
diamonds.

In the 1000-hour test, STBA28 and HCM12 with smooth, middle and rough surfaces
were exposed into the Pb-Bi flow. The rough surfaces were obtained by polishing with
9um polishing cloth. Middle one was made by polishing with 9um and 6pm. Smooth
surfaces was prepared in the same way as that of the 500-hour test.

In the 2000-hour test, the steels of HCM12A, STBA26 with smooth and rough
surfaces were exposed to Pb-Bi flow. The surface polishing of them were done as the
same as the smooth and rough surface of the specimens in 1000-hour test.

These specimens were arranged in the specimen holder as shown in Fig. 5-15 and
exposed to the Pb-Bi flow.

5.2.5 Effect of Surface Roughness‘ of Steels on Corrosion

Resistance of Steels

Surface Observation
Microscope images of the specimen surfaces in 12Cr steel (HCM12A, HCM12) and
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9Cr steel (STBA26 and STBA28) after 500-, 1,000- and 2000-hour exposure were
summarized in Fig. 5-16. The specimen showed no sign of severe LMC and erosion.

In 500-hour exposure to the Pb-Bi flow, the colors of the specimen surfaces changed
from initial metallic luster before the exposure to black or brown after the exposure.
This indicated that the corrosion products or oxide layers formed on the surfaces. In the
surface-roughened specimens, traces made by the surface polishing before the exposure
were clearly detected.

In 1,000-hour exposure to the Pb- Bi flow, the colors of all the specimens changed to
mat black. Although the traces made by polishing before the exposure are detected in
the surface-roughened specimens, that could not be clearly observed. This is because the
oxide layers or scales were formed and grown on the surfaces in the Pb-Bi flow.

The specimen surfaces observed after 2000-hour exposure to the Pb-Bi flow was
similar to.that after 1000 hour exposure. The traces made by polishing before the
exposure are rarely detected in the surface-roughened specimens.

Change of Surface Roughness

Surface roughness of the specimens after the exposure in the Pb-Bi flow for 500,
1000 and 2000 hours is plotted in Fig. 5-17. A dotted line indicates the initial surface
roughness before the exposure.

In 500-hour test, smoothness remained on the initial smooth surfaces. The initially
roughened surfaces were little smoothened during the exposure. This is possibly
because some parts of convex surfaces were shaved by the Pb-Bi flow.

In 1000-hour test, the surfaces of HCM12 and STBA28 became rougher than that
before the exposure. This indicated that the specimens formed the oxide layers on the
surfaces in the Pb-Bi flow, and this increased the surface roughness.

In 2000-hour test, the surface smoothened and roughened specimens of STBA26 and
HCM12A had rough surface after the exposure.

From these results, the rough surfaces of steels were initially smoothened by the
erosion shortly after the exposure into the Pb-Bi. The surface roughness of the steels
increased with exposure time, due to the formation of the oxide layers.

Oxide Layer formed on smooth and rough surface

9Cr steels (STBA26 and STBA2S)

In the 500-hour exposure, STBA26 steels did not form the oxide layer on the surfaces
no matter what the surface roughness. This contributed the no change of the surface
roughness in surface smoothened specimens (Fig. 5-17). Figure 5-18 shows the surface
cross section of the surface-smoothened specimen after 500-hour exposure. No layer
was detected on the surface.

In the 1000-hour test, the effect of surface roughness on the oxide layer property
could be found. The double oxide layers with different characteristics were formed on
the specimen surfaces (Figs. 5-19 (a) through (c)). The double oxide layer: A and B
formed on the surface-roughened STBA28 specimen was detached from the substrate
(Fig. 5-19 (a)). While, the surface-smoothened specimen also formed double oxide
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layer (Fig. 5-19 (c)). However, these layers did not detached from the substrate,
although some cracks existed in the layer. The inner layer B did not develop enough.
The specimen, which had middle surface roughness before the exposure, formed the
layer which had intermediate characteristics between above two cases (Fig. 5-19 (b))..

In the 2000-hour exposure in the Pb-Bi, the cracked oxide layers were formed on the
surfaces (Figs. 5-20 (a) and (b)). On the surface-roughened specimen, the cracked layer
was detached from the substrate (Fig. 5-20 (a)). Under the layer, initial development of
the inner layer was detected. As for the surface-smoothened specimen, double oxide
layer was detected on the surface. Although the cracks were existed -with regular
intervals in the layer, the layer well stuck to the steel surface (Fig. 5-20 (b)). The
thickness of the layer formed on the smooth surface was thinner than that on rough one.

The oxide layer was not detected on the steel surface in 500 hour-exposure to the
Pb-Bi, while a developed oxide layer appeared after 1,000 hour-exposure. This means
that the oxide layer on 9Cr steel grew mainly during the exposure time from 500 to
1,000 hours.

In the surface roughened specimens, the layer detachment occurred to relief the stress,
which concentrated between the layer and the substrate. The layer detachment could be
caused more easily than the cracking since the shear strength between the layer and the
steel is weaker than the shear strength of the layer itself [1]. Once the layer detached
from the substrate, the layer did not growing and cause the cracking after the layer
detached from the substrate, since the metal element was not provided from the steel
surface. In the detached layer, the cracks did not exist as shown in Fig.9 (a) and Fig.10

(a).

12Cr steels (HCM12 and HCM12A)

In the 500-hour exposure, a single oxide layer formed only on the HCMI12A
specimen which had smooth surface (Fig. 5-21). The layer was very thin and well stuck
to the substrate. In the layer, Cr was enriched.

In the 1000 hour exposure, thick oxide layer of 10-20um was formed on the specimen
surfaces (Figs. 5-22 (a) through (c)). On the surface-roughened specimen, unstable
double layer was remained (Fig. 5-22 (a)). Transverse cracks existed in the outer layer,
particularly on the convex part of the substrate. On the surface smoothened specimen,
double oxide layer were formed in stable (Fig. 5-22 (c)). An outer layer A was compact
with few cracks. Beneath the outer layer A, the inner layer began to develop. The
specimen with middle surface roughness formed the layer which had intermediate state
between above two specimens (Fig. 5-22 (b)).

In the 2000-hour test, well-grown oxide layers were detected. Figs. 5-23 (a) and (b)
shows the single and multiple oxide layers were formed on the surface of HCM12A
specimens. In the surface roughened case, the single layer was detected on the surface
(Fig. 5-23 (a)). In the layer, transverse cracks were existed. Partly on the surface, bared
place without the layer protection can be found. As for surface-smoothened case, double
oxide layer was detected (Fig. 5-23 (b)). Although the transverse cracks existed in the
outer layer, inner layer was compact with few cracks. In the inner layer, Cr was
enriched. -

In the layers formed on the surface-roughened specimen, the transverse cracks were
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existed. The cracks existence concentrated particularly at convex part of the steel
surface. This indicated the crack behavior in the layer as shown in Fig. 5-24. Due to the
shear stress of the flowing Pb-Bi and the growing of oxide layer, the stress might
concentrate in the layer at the convex part of the substrate. Then, the cracks were caused
in the layer at the convex part. In case of multiple layer as shown in Fig. 5-23 (b), the
cracks were caused in the outer layer possibly due to the interfacial stress.

5.2.6 Summary

The results are summed up as follows:

1 The rough surfaces of steels were initially smoothened by the erosion in the
flowing lead-bismuth.

) The steels increased surface roughness due to the formation of the oxide layers
in the flowing Pb-Bi.

3) In 9Cr steels, cracked layers were formed on the surface. Then, the rough
surface promoted the layer detachment due to the concentration of the around
the irregular part of the substrate.

@ In 12 Cr steels, the transverse cracks were existed in the layers on the
' surface-roughened specimen. The crack existence concentrated particularly at
convex part of the surface. Few cracks appeared in the oxide layer formed on the
smooth surface. :

5.3 Conclusions

The pre- oxidized steel specimens showed better corrosion resistance than the normal
specimens in the initial stage of the corrosion in the flowing Pb-Bi. By the pre-
oxidation of the steels, initial dissolution may be inhibited by the existence of the pre-
formed oxide layers on the steels. .

The effect of surface roughness influences on the corrosion resistance for the long
term in the flowing Pb-Bi. This is because the surface roughened steels form unstable
oxide layers, which have cracks at the convex part of the substrate. For the formation of
the stable oxide layer, the steel surface should be polished as smooth as RA
(arithmetical mean surface roughness) of 1.5um.
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Table 5-1 Chemical components of test steels

Ctr Mo W Si Others

SCM420 , 1.2 02 - 02 -
STBA26 9 1 - 04 -
SS405 12 - - 1 0.1Al
SS430 . 18 - - 0.75 -
SS316 18 23 - 0.1 -
SUH3 11 - T2 0.4C

Table 5-2  Corrosion test conditions

Duration time (hour) 500

Test temperature (°C) 550

Temperature in cold region (°C) 400

Flow velocity (m/s) 1

Oxygen concentration (wt%) 1.7x10°®

Table 5-3 Corrosion test conditions

Duration time (hour) 500 1,000 2000
Test temperature (°C) 550 550 550
Temperature in cold region (°C) 400 400 400
Flow velocity (m/s) 1 1 1
Oxygen concentration (wt%) 1.7x10-8 1.7x10-8 1x10-6

STBA26 STBA28 STBA26

Test steels HCMI12A HCMI12 HCMI2A

Table 5-4 Hydrodynamic conditions of test piece
Flow velocity (m/s) 1
Reynolds number 22,600
Thickness of buffer-layer (um) 0.9
Wall frictional stress ~ (Pa) " 32
Table 5-5 Chemical components of test materials
Cr Mo \ Si Others
STBA28 8.8 | - 04
STBA26 9 1 - 0.2
HCMI12A 12 0.3 1.9 03 0.9Cu
HCMI2 12.1 1.1 1.0 0.3
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Fig. 5-2 Surface conditions of pre-oxidized specimens (a) before exposure to
Pb-Bi flow, (b) after exposure to Pb-Bi flow
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Fig. 5-3 Pre-formed oxide layers on test steels
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Surface cross section of STBA26 with Cr content after exposure into Pb-Bi
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Fig. 5-9
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Surface cross section of pre-oxidized SS405 with Cr content after exposure
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Fig. 5-10
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Fig. 5-16 Microscope images for specimen surfaces in HCM12A, HCM12,
STBA28 and STBA26 after exposure to Pb-Bi flow for 500, 1000 and 2000 hours.
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Fig. 5-19 Oxide layers on the roughened, smoothened and medium rough

surfaces of STBA28 exposed to Pb-Bi flow for 1,000 hours
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Fig. 5-21 Surface cross section and Cr content profile of surface-smoothened

HCMI12A after exposure into Pb-Bi for 500 hours
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Fig. 5-22 Oxide layers formed on the roughened, smoothened and middle rough surfaces

of HCM 12 exposed to Pb-Bi flow for 1,000 hours
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6.1 Effect of Cr Contents in Steels on Corrosion Resistance

in Flowing Lead-Bismuth

6.1.1 Introduction

The development of corrosion resistant-cladding and structural materials is one of the
critical issues for the development of lead-bismuth (Pb-Bi) cooled fast reactors (LFR).
Then, a series of corrosion study has been carried out using the Pb-Bi forced convection
loop by the authors.

In the first stage of the corrosion study, corrosion test was performed at low oxygen
concentration in the liquid Pb-Bi. The mechanism of erosion in the liquid Pb-Bi was
investigated by means of metallurgical analysis of the eroded part of the specimens.
From the results, it was found that the erosion of steels in the flowing Pb-Bi was
promoted by the corrosion. The steel surfaces were weakened by the so-called liquid
metal corrosion (LMC), and eroded by the flow of the heavy density fluid, Pb-Bi. The
oxide layers, which could be corrosion barrier, were not formed on the steel surfaces
because of the low oxygen concentration in the Pb-Bi (Chapter 3). -

In the second stage, oxygen control system (OCS) was developed in order to keep an
adequate oxygen concentration in the Pb-Bi, where the oxide layers were formed and
self-healed on the steel surfaces. The oxygen in the flowing Pb-Bi was measured by an
oxygen sensor (Chapter 2-1). The sensor cell was immersed in the flow at high
temperature. A sensor with small cell (solid electrolyte conductor: MgO-ZrO,,
Y-03-Zr0;) was used to avoid the destruction of the sensor cell by thermal shock. The
oxygen concentration was controlled by the temperature control of lead oxide particles
(PbO) (Chapter 2-2). Using these OCS techniques, corrosion tests have been carried out
in the liquid Pb-Bi with high oxygen concentration to avoid the occurrence of severe
LMC.

As explained in Chapter 4, the formation and detachment of the unstable layer caused
the oxidation corrosion. It was also indicated that the characteristics of the oxide layers
formed on the steel surfaces depended on the chemical components of the steels. The
effect of chromium (Cr) on the corrosion behaviors should be made clear, since Cr is
one of the major alloying elements in the steels.

In this chapter, the effect of Cr contents in the steels on corrosion resistance in the
flowing Pb-Bi was investigated. The corrosion tests with the steels, which contained
various contents of Cr, were carried out in the flowing Pb-Bi up to 2000 hours.
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6.1.2 Experimental Apparatus and Procedure

'Experimental Apparatus

The present corrosion study was performed in the Pb-Bi forced convection corrosion
test loop. The schematic of the loop was shown in Fig. 6-1. The liquid Pb-Bi was
circulated by an electro magnetic pump, and the flow rate was measured by an electro
magnetic flow meter. And, an ultrasonic flow meter was installed in the low temperature
region [1].

The oxygen sensor was installed in the high temperature region of the loop. The
sensor cell was made of solid electrolyte conductor of Y,03-MgO with the reference
fluid of oxygen-saturated Bi (Chapter 2-1). A by-pass line that has the electromagnetic
flow meter, the bellow valves and the PbO reaction vessel was installed in the low
temperature region. The temperature of solid PbO particles in the PbO reaction vessel
was controlled to have a desired oxygen concentration in the Pb-Bi loop (Chapter 2-2).

Experimental Condition

The corrosion test conditions are shown in Table 6-1. These corrosion tests were
performed without any interruption in the operations.

The corrosion test for 500, 1,000 and 2,000 hours at high oxygen concentration was
performed. The results of the former study in Chapter 4 were reflected in this works.
The specimens of the steels, which were corrosion resistant in the former test, were
mounted in the upstream in the specimen folder in the latter tests. This was done to
remove the influence of the dissolved alloying elements in the upstream region on the
corrosion of specimens in the downstream region in the corrosion test section.

Corrosion Analysis

After exposed in the Pb-Bi flow, the specimen holder was demounted from the test
loop. Then, the holder with the specimens was immersed in a glycerin pool at the
temperature of 180°C to remove adherent Pb-Bi from the outside and inside of the
holder. Then, the holder was opened and the specimens were taken out of the holder,
and rinsed again in glycerin pool at the temperature of 180°C to melt and remove
adherent Pb-Bi from the specimen surfaces without removal of oxide layers [2]. Finally,
glycerin on the specimen surface was removed in warm water at the temperature of
70°C.

The surfaces of the specimens were observed before and after the exposure to inspect
the occurrence of erosion. In order to determine the corrosion rate, weight losses of the
specimens were measured using an electro reading balance with an accuracy of 0.1mg.
The specimens were cut at the span wise center and the cross sections were polished,
and then observed by a scanning electron microscope (SEM) and analyzed by an
energy-dispersive X-ray spectrometer (EDX).
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6.1.3 Test Materials

The chemical components of test materials were presented in Table 6-2. In the
present study, steels with the high content of Cr were chosen as the test materials.

The surfaces of the steel specimens were mechanically polished smoothly to
eliminate the effect of surface roughness and oxide layer preliminary formed on the
corrosion in the flowing Pb-Bi (see Chapters 5-1 and 5-2). The surface roughness of the
specimens was measured by 3D laser microscope. The arithmetical mean surface
roughness (Ra) was 1.5um.

6.1.4 Effect of Cr Content in Steels on Corrosion

Characteristics

Surface Observation

Figure 6-2 shows the results of the surface observation in the 500, 1,000 and 2,000
hour-tests.

After the 500 hour-exposure, the specimens showed smooth surface without erosion.
The surface color changed to brown or black from initial metallic luster, which
suggested the formation of corrosion products or oxide layers on the surfaces.

Even after the 1000 and 2,000 hour-exposure, the specimens showed smooth surfaces.
It can be seen that no appreciable traces of erosion existed on all of the steel surfaces.
The surface state was similar to each other in all the specimens. The colors of the steel
surfaces changed from the initial metallic luster before the exposure into black after the
exposure as the same as that in the 500 hour-exposure.

Effect of Cr Contents in Steels on Corrosion Rate

The results of the weight loss measurement in the 500- , 1000- and 2,000- hour test
are presented in Figs. 6-3 — 6-5.

In the 500- hour test (Fig. 6-3), the dependence of the weight loss of specimens on Cr
content in the steels showed that the weight loss was lower as the Cr content was higher
in the order of SCM420, STBA26, HCM12 and SUS430. There were slight weight
increases in SS405, which could be also attributed to the formation of thick oxide layers
or penetration and/or adherence of Pb-Bi. Although SS316 increased the weight, this
was due to the penetration of the Pb-Bi into the steel matrix and/or adherence of the
Pb-Bi promoted by the corrosion reaction.

In the 1000- hour test (Fig. 6-4), the weight loss of the steels was lower as the Cr
.content was higher as the same as the results of 500~ hour test. The weight loss of SUH3
was remarkably lower than those of the other steels possibly due to the influence of the
formation of stable and thin Si-rich oxide layer (See Chapter 6-2). The weight loss of
SUS316 was not able to evaluate in the present experiment. That was because Pb-Bi
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penetrated into the porous layer formed by the dissolution of Ni and Cr into Pb-Bi was
not completely removed in the glycerin. The weight loss of F82H might be larger than
the measured one since Pb-Bi that rarely penetrated into steel matrix could not be
completely removed by glycerol.

In the 2000- hour test, it seemed not to have certain relation between Cr contents in
steels and the weight loss. However, the weight change of SS430 (18-Cr) was smallest
in the steels. The weight loss of the STBA26 was nearly the same as that of NF616
which had similar components. The weight loss of 12-Cr steel, HCM12A and SS405
was larger than that of the 9-Cr steels. The weight loss of 316FR was the largest among
the tested materials. This is because the Ni in 316FR had high solubility in the liquid
Pb-Bi at 550C [3], and dissolved into the liquid Pb-Bi.

The weight loss of SS430 in the liquid Pb-Bi was compared with those of STBA26
(9-Cr) and HCM12A (12-Cr) in the tests for 500-2000 hours as shown in Fig. 6-6. The
less weight loss of SS430 was less than those of STBA26 and HCM12A.The weight
loss of STBA26 and HCM12A specimens in 2000 hour-test was much higher than the
curve expected from the results of 500 and 1000 hour-tests. This is because the oxygen
concentration in the Pb-Bi in 2000 hour-test was higher than those in the 500 and 1000
hour-tests.

Effect of Cr Content in Steels on Oxide layer characteristics

The results of the SEM-EDX analysis for SS430, HCM12A and STBA26 were
described here as the typical of 18-, 12- and 9-Cr steels (Fig. 6-7).

9-Cr Steels

9-Cr steel, STBA26, did not form the oxide layer on the surface in the 500- hour test.
It is reasonable to think as the weight loss detected in the 500- hour test (Fig. 6-3) was
not caused by the oxidation corrosion. Then, the weight loss of STBA26 specimens
possibly showed the dissolved ratio of the alloying elements from the steel surface into
the flowing Pb-Bi. However, the liquid metal penetration was not detected on the
specimen surface. This indicated that the liquid metal penetration may be caused after
the dissolved corrosion.

The STBA26 formed single oxide layers in the Pb-Bi flow in 1000- and 2000- hour
immersion. The layers had cracks and were broken into some pieces. However, the
LMC did not occur beneath the layers. This indicated that these layers were effective as
the LMC barrier even the layers had some cracks.

The weight loss in 2,000 hour-test was higher than the curve extrapolated from the
results of 500 and 1,000 hour-tests (Fig. 6-6). This is because the specimens caused
so-called oxidation corrosion at high oxygen concentration due to the detachment of the
cracked layers.

12-Cr Steels

The 12-Cr steel, HCM12A, formed oxide layer in the 500- hour immersion, although
the 9Cr steel did not form the oxide layer. This indicates that the 12Cr steel forms the
oxide layer earlier than the 9Cr steels in the flowing Pb-Bi. This characteristics
beneficially influenced that the weight loss of the HCM12A was lower than that of 9Cr
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steel in 500 hour test.

In the 1000- and 2000- hour tests, HCM12A formed that the multiple oxide layers.
The outer one was broken to some fragments, and the layer was not seemed to be
protective barrier for the corrosion. The inner layer was Cr-rich compact layer and stuck
well to the substrate surface. Beneath the layers, the sign of the LMC occurrence was
not detected. Thus, the Cr-rich inner layer might inhibit the LMC.

The weight loss of specimens during 2,000 hour-exposure was larger than the curve
extrapolated from the results of 500 and 1,000 hour-tests (Fig. 6-6). It is possible to
interpret that these steels caused the oxidation corrosion via the detachment of the
unstable outer oxide layers. The SEM-EDX analysis for the HCM12A after 1,000 and
2,000 hour-exposure indicated that the outer layers were broken and detached from the
substrate. In the multiple layers which has different composition, shear stress in the
boundary must be caused due to the growth of the outer and inner layers with different
growth rates [5].

18-Cr Steels

The 18-Cr steel, SS430 kept the smooth surfaces without the occurrence of the
corrosion. On the surface, the oxide layer or scale was formed, where Cr was enriched.
In SS430, well-developed oxide layer was not detected nevertheless the other steels
. formed the thick oxide layers in the Pb-Bi at high oxygen concentration. This indicated
that 18Cr steel had good oxidation resistance in the flowing Pb-Bi. The sign of the LMC
occurrence was not detected. The scale or the layer worked as the corrosion barrier. This
contributed the small weight loss in the 2,000 hour-exposure.

The weight loss of the specimen in the Pb-Bi flow can be negligible no matter of the
exposure time and/or oxygen concentration in the Pb-Bi (Fig. 6-6), even though the
12-Cr or 9-Cr steel lost the weight due to the oxidation corrosion.

The corrosion resistance of the SS430 steel in the liquid Pb-Bi at high oxygen
concentration is due to the large amount of Cr in the steel matrix. The Cr on the steel
surfaces was consumed by the formation of Fe-Cr oxide layer on the steel surface (Fig.
6-8). When the layer was broken away, the inner layer already formed beneath the outer
layer started to work as outer layer. Then, the inner layer started to form in the matrix by
inner diffusion of the oxygen from the Pb-bi through the outer layer. If the Cr is not
condensed on the surface, a Fe-rich layer, which is more unstable than the Fe-Cr layer,
may be formed. Then, the corrosion rates of the steels are increased, since the stability
of the formed oxide layers were decreased gradually. However, the reformation of
Cr-rich Fe layer can be kept if the Cr is condensed quickly as the large amount of the Cr
was contained in the matrix as the SS430 steel.
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6.1.5 Summary

The effect of Cr contents on corrosion resistance was investigated by means of
-corrosion tests in the flowing Pb-Bi. The results are summed up as follows;

(1) The 12Cr steel and 9Cr steels caused the oxidation corrosion in the flowing Pb-Bi.
The oxidation corrosion might be caused by the detachment of unstable oxide layers,
where Cr was not enriched.

(2) The 18-Cr steel, SS430, showed good corrosion resistance in the flowing Pb-Bi at
550°C up to 2,000 hours. The specimens of $S430 did not form thick oxide layers
due to the good oxidation resistance in the flowing Pb-Bi. The weight loss of the
SS430 specimens in the Pb-Bi flow was the lowest among the tested steels.
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6.2 Effect of Alloying Elements in Steels on Corrosion

Resistance in Flowing Lead-Bismuth

6.2.1 Introduction

The author have investigated corrosion characteristics of steels in the flowing Pb-Bi
to grasp the influence of major alloying elements on their corrosion characteristics for
the development of corrosion-resistant materials. In the Chapter 4, it was found that
severe liquid metal corrosion (LMC) could be inhibited if an oxide layer was formed
and kept stably on the surface in the flowing Pb-Bi. Furthermore, it was found that high
content of Cr in steels and smooth steel surface promoted the formation of a compact
oxide layer, and consequently improved the corrosion resistance in the flowing Pb-Bi
[Chapters 5-2 and 6-2].

Recently, Kurata et al. [5] reported that 5wt% of Si in SX steel (17.6Cr-19Ni-4.8Si)
beneficially influenced the corrosion resistance due to the formation of Si-oxide layer.
And, this layer inhibit corrosion in the static Pb-Bi. Barbier et al.[9] reported that
1.8wt% of Si in EP823 steel (12Cr-1.2W-1.8Si) improved oxidation
corrosion-resistance in the Pb-Bi flow.

In addition to Si, Al in steels may also enhance oxidation corrosion-resistance due to
formation of stable Al-enriched oxide layers in the flowing Pb-Bi [4]. The corrosion
characteristics of Si- and Al-rich steels in the flowing Pb-Bi should be investigated
under various conditions extensively for further material development.

The purpose of the present study is to investigate the corrosion resistance of Si- and
Al-rich steels in the flowing Pb-Bi experimentally.

6.2.2 Experimental apparatus and Procedure

Experimental Procedure

The corrosion tests were carried out using the Pb-Bi forced convection loop. Figure 6-8
shows schematic of the loop. The loop consists of a cold region made of 9Cr-1Mo steel and a
hot region made of SS-316, where Pb-Bi flows from the electro-magnetic pump, through the
electro-magnetic flow meter, and the air cooler in the cold region and then flows through the
heater, the test section, the oxygen sensor and the expansion tank in a hot region. For the
corrosion test, cylindrical test piece holder made of molybdenum (Mo) was used. The volume of
the liquid Pb-Bi in the loop was 22L. ;

In the present corrosion tests, oxygen concentration in the flowing Pb-Bi was measured by
* oxygen sensor, which was made of solid electrolyte conductor of ZrO,-MgO with the reference
fluid of oxygen-saturated Bi (see Chapter 2-2). The Pb-Bi flows through the bypass loop in the
cold region where the mass exchanger filled with solid lead oxide particles was installed for the

134



Effect of Alloying Elements in Steels
on Corrosion Resistance in Flowing Lead bismuth Chapter 6

oxygen control in the liquid Pb-Bi. The controllability was reported in Chapter 2-2.

The electromotive, that was monitored using the oxygen sensor. The oxygen
concentration was kept at 1.7x10wt% in the 500-hour test and 1,000-hour test, and it
was 1x10°wt% in 2,000 hour tests. The oxygen concentration in the latter test was made

- higher than the former tests by oxygen control using the mass exchanger. The conditions
of oxygen potential are plotted in Fig. 6-9 for comparison with on Gibbs free energy of
oxides. It is found that the oxygen potentials were higher than the curve of Al,O3, SiO,
and Fe;04 formation potential [6].

Corrosion examination

After exposed in the Pb-Bi flow, the specimen holder was demounted from the test
loop. Then, the holder with the specimens immersed in a glycerin pool at the
temperature of 180°C to remove adherent Pb-Bi from the outside and inside of the
holder. Then, the holder was opened and the specimens were taken out of the holder,
and rinsed again in glycerin pool at the temperature of 180°C to melt and remove
adherent Pb-Bi from the specimen surfaces without removal of the oxide layers [7].
Finally, glycerin on the specimen surface was removed in warm water at the
temperature of 70°C. _

The surfaces of the specimens were observed before and after the exposure to inspect
the occurrence of erosion. In order to determine the corrosion rate, weight losses of the
specimens were measured using an electro reading balance with an accuracy of 0.1mg.
The specimens were cut at the span wise center and the cross sections were polished,
and then observed by a scanning electron microscope (SEM) and analyzed by an
energy-dispersive X-ray spectrometer (EDX).

6.2.3 Test Materials

. A series of corrosion tests was performed for SUH3 steel (10Cr-1Mo-2Si), Recloy10
steel (18Cr-1Al-1Si) and NTKO4L steel (18Cr-3Al) in Pb-Bi flows.

The chemical components of the SUH3 steel, the NTKO04L steel and the Recloy10
steel are shown in Table 6-3. As-received material was machined to specimen plates
and the surfaces of the specimen were mechanically polished smoothly as arithmetical
mean surface of 1um to remove the effect of surface roughness of steels on corrosion
resistance (see Chapter 5-2). Then, they were mounted in the specimen holder to be
immersed in the flowing Pb-Bi at the conditions shown in Table 6-4. The specimens
made of the other high Cr steels and ceramics were also mounted with SUH3, NTK04L
and Recloy10 steels in the specimen holder.
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6.2.4 Effect of Si and Al Contents in Steels on Corrosion
Characteristics

SUH 3.

. After the 500 hour-exposure to the flowing Pb-Bi, the surface of the Si-rich steel
SUH3 was smooth without appreciable traces of erosion as shown in Fig. 6-10 (a). The
surface color changed from metallic luster before the exposure to black. This indicates
that the oxide layer or corrosion products were formed on the surface. The surface color
of the SUH3 after the 1,000-hour and 2,000 hour-exposure (Fig. 6-10 (b) and (c)) was
similar to that after 500 hour-exposure (Fig.6-10 (a)).

The weight of SUH3 specimen decreased due to the corrosion in the flowing Pb-Bi as
shown in Fig. 6-11. Weight loss in 2,000 hour-exposure was much larger than the
extrapolated curve from weight loss data in 500-hour and 1,000 hour-exposure.

The results of SEM/EDX analysis show the existing of the single oxide layer on the
surface of SUH3 specimen exposed to the Pb-Bi flow for 500 hours as shown in
Fig.6-12. No penetration of the Pb-Bi was detected beneath the layer. The thickness of
the layer can be estimated as 2-4um, and this is much thinner than the layer formed on
the other Fe-Cr steels as reported in Chapters 4 and 6-1. In the layer, Si and Cr were
enriched while Fe content was decreased. Also, bared place without the oxide layer can
be detected. '

After the 1,000 hour-exposure, double layers were formed on the SUH3 steel as
shown in Fig. 6-13. The double layers consisted of outer layer (Fig. 6-13 layer [O]) and
inner layer (Fig. 6-13 layer [I]). The outer layer detached from the substrate, and the
thickness was 5-7um. The inner layer was compact, and the thickness was 1-2pum. Si
was enriched in the inner layer, and the layer was stuck to the steel matrix stably. This
means that the outer layer was unstable, and could be easily taken out by high density
fluid flow after the layer detached from the substrate. In the other words, the inner layer
may protect the steel matrix from the LMC, while oxidation corrosion is caused by the
detachment of the outer layer in the flowing Pb-Bi.

In the 2,000 hour-exposure, oxidation corrosion occurred in the SUH3 steel. From the
results of the weight loss measurement for the SUH3 steel (Fig. 6-11), it was found that
weight loss in the 2,000 hour test was larger than that expected from the results of
500-hour and 1,000-hour tests. That is because oxidation corrosion occurred due to the
detachment of cracked layer as shown in Fig. 6-14. The cracked layer was single layer
and the thickness was 5-7um. Although Si and Cr was enriched in the layer, the layer
was cracked and detached from the substrate in some places. The oxidation corrosion
occurred in the 2,000-hour test due to higher oxygen concentration than that in the 500-
and 1,000-hour tests. ‘ '

NTKO4L

Initial metallic luster was kept on the surface of the NTKOAL steel in the 500
hour-exposure to the Pb-Bi flow (Fig. 6-10 (a)). The weight loss of NTK04L was very
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small and single Al-enriched oxide layer 1um in thickness was formed on the surface in
500 hour-test (Fig. 6-15). The oxide layer on NTKO04L was thinner than that formed on
the SUH3 steel (Fig. 6-12). .

Also in the 2,000 hour-exposure, corrosion did not occur in the NTKO04L specimen.
- Weight loss was low. Metallic luster was kept on the surface (Fig. 6-10 (c)), and the
color on the surface was the same as that after 500 hour-exposure (Fig. 6-10 (a)). Single
oxide layer was formed on the surface (Fig. 6-16). The thickness and property of the
layer was similar to those of the layer formed in 500 hour-exposure. The layer had no
cracks.

Therefore, it is concluded that the Al-enriched oxide layer is formed on the surface of
Al-rich NTK04L, and it inhibited the LMC. Since the formed layer was very thin and
stable, neither cracks nor detachment occurred in spite of strong stress of high density
Pb-Bi flow. The Al-enriched layer inhibited development of the oxide layer and
consequently suppressed the oxidation corrosion.

Recloy10

In the Al- and Si-rich steel, Recloy1l0, shiny surface condition before the exposure
was kept in 500-hour-exposure (Fig.6-10 (a)). This was similar to that observed in the
Al-rich NTKO04L. The weight loss in the flowing Pb-Bi was negligibly small (Fig. 6-11).
Most of the Recloy10 steel surface was covered with very thin Al- and Si-enriched layer
of 1um in thickness (Fig. 6-17). Pb-Bi did not penetrate into the steel beneath the oxide
layer.

Also in the 2,000 hour-exposure, initial metallic luster was kept on the surface as
shown in Fig. 6-10 (c). The weight loss in the 2,000 hour test was nearly equal to zero.
A 1um-thick Al-enriched layer was formed on the surface (Fig. 6-18), which was
similar to that in the 500 hour-exposure. The layer was well stuck to the steel surface.

Therefore, it is found that the Recloy10 steel has as good corrosion resistance for the
high temperature Pb-Bi flow as the NTKO4L steel. The thin Al-enriched layer inhibited
not only the liquid metal corrosion but also oxidation corrosion.

Al content in steel promoted the formation of the stable oxide layer. The influence of
the Al radiation may not be critical problem, although it has not been made clear, since
the amount of Al in steel is small enough and the half time of irradiated Al is short.
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6.2.5 Formation of Si- and Al- Rich Oxide Layer on Steels in Flowing
Pb-Bi

The formation process of the Al- and Si- rich oxide layers on the steels in the flowing
Pb-Bi is possibly explained as shown in Fig. 6-19. The Fe-Cr oxide layers were formed
on the steel surfaces due to the elements of Fe and Cr on the steel surfaces selectively
reacted with the oxygen in the liquid Pb-Bi. Then, the Al or Si on the surfaces were
condensed. The oxygen diffused through the Fe-Cr oxide layer reacted in the Al- and/or
Si- condensed region. Then, the Al and/or Si rich oxide layers were formed on the steel
surfaces without the dissolution of the Al and/or Si due to the direct contact with
corrosive liquid Pb-Bi.

6.2.6 Summary

For the development of corrosion-resistant materials for Pb-Bi-cooled fast reactor and
Pb-Bi target type accelerator driven system, corrosion resistance of Si- and Al-rich
steels in flowing Pb-Bi was investigated by means of the exposure of the SUH3 steel
(10Cr-2Si), the NTKO04L steel (18Cr-3Al) and the Recloy10 steel (18Cr-1Si-1Al) to the
Pb-Bi flow at the temperature of 550°C for 500, 1,000 and 2,000 hours. Summaries are
as follows:

1) Si- and Cr-enriched 1pm thick oxide layer was formed on the surface of the SUH3
steel that had 2wt% of Si in the Pb-Bi flow. No LMC occurred beneath the layer.
The SUH3 steel exhibited excellent corrosion resistance in the Pb-Bi flow at low
oxygen concentration. Oxidation corrosion occurred at high oxygen concentration
due to the growth, destruction and detachment of Si-enriched layer.

2) An initial metallic luster was kept on the surface of the Al-rich steel, NTK04L in the
Pb-Bi flow. Al-enriched single layer stuck to the matrix was formed on the surface.
This layer protected the matrix from not only the liquid metal corrosion but also the
oxidation corrosion since this layer had oxidation resistant in the Pb-Bi flow at high
oxygen concentration. The weight of the NTK04L steel decreased only a little due to
corrosion with exposure time.

3) Initial surface state was kept on the surface of the Al- and Si-rich Recloy10 steel in
the exposure to the Pb-Bi flow. A single Al- and Si-enriched layer was formed on the
surface. The property of the layer was similar to that in the NTKO4L steel. By the
exposure to the Pb-Bi flow for 2,000 hours, the weight of the Recloy10 steel did not
decrease due to no corrosion.
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6.3 Corrosion Rate of Corrosion Resistant Steels in Flowing
Pb-Bi

The corrosion rates of the steels were estimated from their weight changes in the
liquid alloy (Table 6-5). In the present study, the corrosion characteristics of the steels
in the liquid alloy at the oxygen concentration of 1x10, 1.7x10® and 2x10® wt%. Then, the
relation between the corrosion rates of the steels and the oxygen concentration in the
liquid Pb-Bi is shown in Fig. 6-20.

It was found that the corrosion transition point in the flowing liquid Pb-Bi place at the
oxygen concentration, which corresponded to the Fe;O4 formation potential in the liquid
Pb-Bi. This is since This is since the corrosion behavior of the steels depended on the
that of the Fe, which occupied app. 80% in the steel matrix.

The corrosion rates of the Al-rich steel NTK04L and the 18Cr steels were lower than
the allowable corrosion rates estimated from the corrosion margin of the Joyo type fast
reactor (See Chapter 1 and Egs. (1-1) and (1-2)).

6.4 Conclusion

By using oxygen control system explained in Chapter 2, the corrosion tests were
carried out in the flowing Pb-Bi at high oxygen concentration. The 18-Cr steel, SS430,
formed Cr rich single oxide layer. The Cr-rich layer inhibited not only the dissolution
type corrosion (Chapter 3) but also the oxidation corrosion, while the low-Cr steels
which formed Fe- rich oxide layers caused the corrosion. This is because the Cr rich
oxide layers were stable more than Fe-oxide layers in the flowing Pb-Bi.

In case of Al and Si rich steels, the stable oxide layers were formed on their surface in
the flowing Pb-Bi. The Al-rich oxide layer was thinner than that formed on the Si rich
steel and Cr-rich SS430 steel. The formation of the thinner oxide layer implies less
oxidation-corrosion risk, since the oxidation corrosion is caused by the detachment of
thick and unstable oxide layer. Thus, Al is the most foreseen element of the steels for the
corrosion inhibition in the flowing Pb-Bi, even though the elements of Si and Cr
increase the oxidation corrosion resistance.
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Table 6-1 Corrosion test conditions
Exposure time (h) 500 | 1000 | 2000
Pb-Bi temperature in test section (°C) 550
Pb-Bi temperature in low temperature
. / 400
region (°C)
Pb-Bi charge temperature (°C) 250
Flow rate (L/min) 3
Flow velocity (m/s) 1
Oxygen concentration in Pb-Bi (wt%) 1x10® 1x107® 1x10°
STBA26, SCM420, STBA26,
NF616, F82H, NF616,
HCMI12A, NF616, HCM12A,
SS316, STBA26, SS405, SS430
Test material SS405, SS430 ODS 316FR
HCM12A,
HCM12
SS316,
S5405, SS430

Table 6-2 Chemical components of specimens (wt%)
Cr Mo W Si others
SCM420 1.2 0.2 - 0.2
F82H 7.7 1.94 1.94 0.1 0.01Ti-0.01Cu
NF616 9 0.5 1.8 | 03
STBA26 9 1 - 0.2
ODS 11.7 - 1.9 - 0.29Ti-0.23Y,05-0.18Y
HCMI12A 12 0.3 1.9 0.3 0.9Cu
HCM12 12.1 1.1 1.0 0.3
SUS405 12 - - 1 0.1A1
SUS316 18 2-3 - 0.1 10-14Ni
SUS430 18 - - 0.75
Table 6-3 Chemical components of test steels (wt%)
Cr Si Al Mo C
SUH3 1039 190 - 0.72 0.42
Recloyl0 17.69 099 089 - 0.01
NTLO4L 17.84 0.41 3.34 0.14 0.002
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Table 6-4 Test conditions
Exposure time (hour) 500 1,000 2,000
Flow velocity (m/s) 1 1
Temperature of Pb-Bi (°C) 550 550 550
Oxygen concentration (wt%) 1.7x10°° 1.7x10° 1x10°
Test steel SUH3 SUH3 SUH3
NTKO04L NTKO04L
Recloyl0 Recloy10
Table 6-5 Corrosion rates of steels in flowing Pb-Bi
Experimental conditions Results
Estimated C i
Density | Test Oxygen Exposure | Weight s .mlnatl © h ctn‘rosmn
1gNT cnanges | rate er
Steels temperature | concentration | time changes welg ang car P
Ccr year
(@/m’) | (¢C) (Wt%) (hour) | (gm®) | P Y
(g/m” year) (mm/year)
NTKO04L | 7700000 550 1x10°® 2000 8.5 37.3 4.8x10°
$S430 7700000 13 1.7x10™
316FR | 798000 | 550 2.6x10"
7850000 550 2x10” 1000 197.1 1726.6 2.2x107!
STBA26 | 7850000 550 1.7x10% 1000 21.5 188.3 2.4x107
7850000 550 1x10° 2000 1254 5493 7.0x102
7750000 550 2x107 1000 68 595.7 7.7x107
HCM12A | 7750000 550 1.7x107® 1000 24 210.2 2.7x107
7750000 550 1x10° 2000 248 1086.2 1.4x10’"
7750000 550 2x10° 1000 584.1 5117.3 6.6 x10™!
ODS 7750000 550 1.7x10° 1000 21.1 184.9 2.4x107
7750000 550 1x10°¢ 2000 -874 -383.0 -4.9x107
7850000 550 2x107 1000 1614.8 14145 1.8
F82H 7850000 550 1.7x10° 1000 233 233.6 3.0x107
7850000 550 1x10°¢ | 2000 -278 -278.86 -3.5x107
Corrosion allowable
rate in Joyo type 550 - - - - 1x107
reactor
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Fig. 6-2 Surface observation of specimens after corrosion test
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Fig. 6-7 Surface cross section of SS430, HCM12A, STBA26 after 500, 1,000,

2,000 hour-tests
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Fig. 6-11 Appearance of SUH3, Recloy10 and NTKO04L specimens in Mo-test
piece holder after exposure to flowing Pb-Bi for 500,1,000 and 2,000 hours
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SUH3 (500h)

Fig. 6-13 Si-enriched single oxide layer formed on SUH3 surface in 500
hour-exposure to flowing Pb-Bi
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Fig. 6-14 Double oxide layer consists of outer [O] layer and inner [I] layer
formed on SUH3 surface in 1,000 hour-exposure to flowing Pb-Bi
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R e
Resin Layer Steel

Fig. 6-15 Cracked oxide layer formed on SUH3 surface in 2,000 hour-exposure
to flowing Pb-Bi
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Fig. 6-16 Ai-enriched oxide layer formed on NTKO4L steel in 500-hour test
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Fig. 6-17 Al-enriched layer formed on NTKO04L steel in 2,000-hour test
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Fig. 6-18 Al-enriched thin layer formed on Recloy10 steel in 500 hour-exposure
to flowing Pb-Bi
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Fig. 6-19 Al-enriched thin layer formed on Recloy10 steel in 2,000
hour-exposure to flowing Pb-Bi
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7.1 Introduction

 The self- healing oxide layers formed on the steels are expected to work as corrosion
barriers in the flowing Pb-Bi (Chapters 4). However, Martin et al. indicated that an
unstable oxide layers could be disappeared in the long-term immersion even in the static
Pb-Bi [1]. Then, it has been challenged to inhibit the corrosion using surface treatment
technique, e.g. Kurata et al. investigated the corrosion resistance of the Al- surface
treated steels in static Pb-Bi [2] and L. Soler et al. did the pre-oxidation for the
formation of stable oxide layers preliminary for the corrosion protection [3]. Authors
also challenged to inhibit the corrosion by using surface treatment technique and Si
Al-rich steels, which expect to form a stable Al,O; oxide layer in the flowing Pb-Bi
(Chapter 5 and Chapter 6).

The ceramic materials of SiC and SisN; and their composite are considered as
promising thermal structural materials due to their high thermal shock resistance, high
thermal conductivity, low thermal expansion and creep resistance at high temperature.
Also, these ceramic materials have excellent oxidation resistance, although the
resistance depends on the environments.

In this chapter, the results of corrosion test for the SIC and SizN4 ceramic materials
were reported. The oxygen concentration in the flowing Pb-Bi was controlled at the
potential higher than that required for the formation of SiO, by using mass exchanger
type oxygen control system (Chapter 2-2). The purpose of the present study is to
investigate the corrosion characteristics of SiC and Si3Ny in the flowing Pb-Bi at high
oxygen concentration.

7.2 Experimental Apparatus and Procedure

In the work, Pb-Bi forced convection test loop was used for the corrosion test. The
schematic of the loop is shown in Fig. 7-1. After the specimens were mounted in the
loop, the Pb-Bi was charged into the loop from the dump tank at 250°C. The charge of
the melt was done by using the pressure difference between the dump tank and the loop.
Then, the Ar gas of 99.999% purity was used to pressurize the dump tank. The Ar gas
was used as cover gas in the loop. The temperature- of the Pb-Bi was increased up to
550°C in the hot region and 400°C in the cold region.

The corrosion test was conducted at the conditions presented in Table 7-1. The
oxygen concentration in the flowing Pb-Bi was monitored by a solid electrolyte type
oxygen sensor at 550°C The concentration was estimated as 1x10°wt% form the
obtained sensor output using the Nernst equation and equations for oxygen solubility in
the Pb-Bi (Chapter 2-1). This oxygen concentration was higher than that required for
. the formation of SiO,, In the present test, some steel specimens were immersed in the
same time. :

After the corrosion test, the specimens were extracted from the loop. An adhered
Pb-Bi on the specimens was removed in the glycerol pool at 180°C. Then, an adhered
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glycerol on the specimens was removed with the hot water at 70C. This technique is
also used in Los Alamos National Laboratory in USA [4] and CEA-CEREM/SCECEF in
France [5]. : '
The surface conditions of specimens after the exposure were analyzed using field
" emission- scanning electron microscope (FE-SEM) with energy dispersion X ray (EDX).
The surface roughness of the specimens before and after the exposure was measured
using 3D lazar micro scope.

The weight of the specimens before and after the corrosion test was measured using
an electro reading balance with an accuracy of 0.1mg in order to estimate the weight
changes of the specimens. The weight changes of the ceramic materials were compared
with that of the other steel specimens exposed in the same time.

After the weight measurement, the specimens were cut at span wise center and
embedded in the resin, in order to analyze the surface cross section using FE-SEM/EDX.
In the analysis, the Pt/Pd coating was done on the specimens to keep the good electrical
conductivity. '

7.3 Test Materials

The chemical components of SiC and SisNy4 used in the present work was 98 SiC-
0.28i02-0.1Si-1.2C and 908Si3N4-9(Al,03-Y203)-CaO, respectively. These materials
were machined into the specimens, which have the size of 15mm x 30mm x 2mm. The
surface of the specimens was not polished. The surface roughness of these specimens
measured by using Lazar 3D microscope was Sum in arithmetical mean surface
roughness (Ra). These ceramic materials were supplied from NIKKATO corporation.
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7.4  Corrosion Characteristics of Ceramic Materials, SiC

and Si;N, in flowing Pb-Bi

Corrosion Rate of SiC and Si;N4

The specimens of SiC and Si3Nj slightly lost their weight (Fig. 7-2) in the flowing
Pb-Bi. The weight loss of the SiC was 13.2g/m* and this is briefly larger than that of
Si;N, of 5.48 g/m®. This is because the SiC top region was eroded in the small part.

The weight changes of SiC and Si3N, specimens were compared with the steels
explained in Chapters 4 and 6. The weight loss of the ceramic materials were much
lower than that of the 9Cr, 12Cr and austenitic steels. However, the weight loss of the
ceramic materials was slightly higher than those of the SS430, Recloy10 and NTK04L
steels which were specially characterized by the alloying elements of Cr, Al and Si in
Chapter 6. These indicated that the ceramic materials had good resistance not only for
dissolution type corrosion but also oxidation corrosion in the flowing Pb-Bi.

The corrosion rates of these ceramic materials were estimated as shown in Table 7-2.
It was found that the corrosion rate of SisN4 was lower than allowable corrosion rate of
the structural material in Joyo type reactor (See Chapter I).

SiC and Si;N, Surface After Exposure

Fig. 7-3 shows the surface of SiC and SiN specimens before and after the corrosion
test. The specimens was kept the initial surface color of silky in the flowing Pb-Bi. In
the top region of the SIC specimen, brief erosion was detected. This erosion was caused
by the collide with high density Pb-Bi flow, since the SiC was arranged in the upper
most stream in the corrosion test section. Such a phenomena was reported in case of
steel in Chapter 3. From the measurement results of surface roughness, the surface kept
the initial surface roughness.

The surface conditions of the exposed specimens were analyzed using FE-SEM/EDX
(Figs. 7-4 and 7-5). In the initial surface of SiC specimen (Fig. 7-4 (a)), the trace of the
mechanical processing was observed. Then, some cracks were also detected. After the
exposure, the trace was rarely detected (Fig. 7-4 (b)). The most part of the surface
seems to be cracked. The segregation of the material components and the Pb-Bi were
not detected in the EDX analysis.

In the SIN specimen (Figs. 7-5 (a) and (b)), the surface condition did not change in
the flowing Pb-Bi. In both specimens, adhered Pb-Bi was not detected.

Metallurgical analysis for surface cross sections

In the surface of SiC specimen (Fig. 7-6), oxide layer was not detected. Several
cracks were detected locally. The crack depth can be measured as 25um in maximum. In
the cracked region, the diffusion of the Pb and/or Bi was not detected. Also, the
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segregation of the Si and/or C was not detected. These facts indicated that the cracks
were caused by the mechanical factor such as shear and/or normal stress by the heavy
density Pb-Bi flow, not by the chemical reaction such as the corrosion.

Also in the Si3Ny4 (Fig. 7-7), oxide layer was not detected. The dent surface was
" detected, and the depth could be measured as 25um in maximum. In this part, few
cracks were detected (Fig.7-8). The Pb-Bi was not diffused and adhered on this part.
This dent part might be formed by the influence of shear and/or normal stress of heavy
density fluid Pb-Bi flow.

Some of the detected cracks and dent parts in the SiC and SizN4 was possibly due to
the initial conditions which was well influenced by the machining process. Thus, it
should take into account that the weight loss of these specimens was caused by the
erosion of the unstable surface region which was made by the initial specimen
machining process.

In the chemical corrosion point of view, the SiC and SisN4 had good corrosion
resistance for the Pb-Bi.

7.5 Conclusions

The corrosion test was performed to investigate the corrosion characteristics of the
ceramic materials of SiC and Si3N4. Major conclusions are as follows;

(1) Specimens of SiC and Si3sN4 kept smooth surface without corrosion-in the
flowing Pb-Bi for 2000 hours. On these surfaces, oxide layers and adherence of
Pb-Bi were not detected.

(2) The SiC and Si3Ny4 lost their weight briefly in the flowing Pb-Bi. The weight
loss of these ceramic specimens in the flowing Pb-Bi was smaller than those of
9Cr steels and 12Cr steels, and slightly higher than those of 18Cr steel, SS430,
Al rich steel, NTK04L, and Al and Si rich steel, Recloy 10.

(3) The surfaces of the SiC and Si3Ny specimens showed several cracks after the
immersion in the flowing Pb-Bi. In the cracks, Pb-Bi was not diffused.
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Table 7-1 Corrosion test conditions

Exposure time (h) 2000
Pb-Bi temperature in test section (°C) 550
Pb-Bi temperature in low temperature region (°C) 400
Pb-Bi charge temperature (°C) 250
Flow rate (LL/min) 3
Flow velocity (m/s) 1
Oxygen concentration (wt%) 1x10°

Table 7-2 Corrosion rates of SiC and Si3N4 in flowing Pb-Bi
Experimental conditions Results
Estimated C i
Density | Test Oxygen Exposure | Weight s‘1mae orrosion
. ) weight changes | rate per
Steels temperature | concentration | time changes
er year ear
() | (C) (Wi%) (hour) | @@m®) | P %) Y
(g/m” year) (mm/year)
SiC 3100000 | s L
SisNy 3200000 -

Corrosion allowable
rate of materials in
Joyo type reactor

550

1x10
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Fig.7-3 SiC and Si3N4 surfaces before and after corrosion test
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Fig.7-4 FE-SEM image of SiC specimen;
(a) initial SiC surface; (b) after immersion in Pb-Bi for 2000 hours
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Fig.7-5 FE-SEM image of SisN4 specimen;
(a) initial SiN surface; (b) SiN surface after immersion in Pb-Bi for 2000 hours
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Fig. 7-7 Fe-SEM image for surface cross section of SizN4
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Fig. 7-8 Fe-SEM image and EDX analysis for dent part (a) in SizNy4
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8.1 Effect of Corrosion on Tube Rupture Behavior in

Liquid lead-bismuth

8.1.1 Introduction

Liquid metal corrosion (LMC) and liquid metal embrittlement (LME) are critical
issues for the development of fuel rod cladding material for use in lead-bismuth (Pb-Bi)
cooled fast reactors [1] and turbine blade material in direct-contact type Pb-Bi-cooled
fast reactors [2].

A Pb-Bi forced convection test loop has been used to carry out a series of steel
corrosion and flow technology tests for the feasibility study of a Pb-Bi-cooled small fast
reactor. Previous studies have shown that LMC or oxidation corrosion occurs in steels
in Pb-Bi at high temperature depending on the oxygen concentration in the liquid Pb-Bi
[3, 4], although Pb-Bi is not so corrosive at low temperature no matter what the oxygen
concentration is [5, 6]. However, liquid Pb-Bi at low temperature may cause LME [7, 8],
i.e. the ductility may decrease in steels in contact with liquid Pb-Bi and they may
become stressed. Reports of actual cases of tube or pipe rupture in the Pb-Bi due to the
LMC and/or LME are rare.

Accidental tube rupture occurred in the Pb-Bi sampling line of the Pb-Bi forced
convection test loop while the loop temperature was being increased. Metallurgical
analysis and fractography studies of the ruptured tube were carried out. This reports
focused on investigating the major factor causing tube rupture in the liquid Pb-Bi.

8.1.2 Experimental Procedure

Material

The Pb-Bi sampling line was installed in the low temperature region of the Pb-Bi
forced convection test loop as shown in Fig. 8-1. The Pb-Bi sampling line is shown
schematically in Fig. 8-2. The tube was made of 316SS (18Cr-2Mo-12Ni), which had
an outer diameter of 12.7mm and wall thickness of 1mm. A sheathed heater of 1600mm
length and 2.3mm in diameter was wound around the tube with a pitch of 30mm. A
thermocouple was placed at the center of the tube in order to monitor the temperature.
The ends of the sampling line were connected to the main loop via bellow valves. After
Pb-Bi was charged in the line, one of the valves was closed to keep a static condition.

The sampling line was heated up and cooled down in the same way as for the
. temperature control of the low temperature region of the main loop. In the heat up
process, all parts of the loop were heated from room temperature (RT) to 250°C for 1
hour. Then, the liquid Pb-Bi was charged into the sampling line at 250°C from the dump
tank. Next the sampling line was heated from 250°C up to 400°C at the rate of 25°C per
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30 min. The sampling line was cooled down in the same way as in the heat up process.
For corrosion tests, the temperature of the sampling line was increased and decreased
cyclically as presented in Table 8-1. The sampling. line had experienced 3,440
hour-exposure in the liquid Pb-Bi at 400°C until the rupture occurred (Table 8-2).

The liquid Pb-Bi initially charged in the sampling line contained oxygen at several
ppm. The oxygen content was kept high enough to get formation of Fe oxide at 400°C
even if the Pb-Bi in the sampling line mixed with Pb-Bi in the main loop during the
periods of the corrosion tests.

Analysis

After rupture, the sampling line was removed for inspection and metallurgical
analysis. The deformation around the ruptured part was investigated. The ruptured area
of the tube was partially cut open, and the fractured face was rinsed using the nitric acid
to remove adhering Pb-Bi. Then, the face was observed with a scanning electron
microscope (SEM).

After the SEM observation of the fractured face, the tube was cut as a cross section
for metallurgical analysis. Then, the inner surface of part (a) distant from the fracture
crack and part (b) near the crack were analyzed using SEM and an energy dispersive
X-ray analyzer (EDX); these were done without removing adhering Pb-Bi (Fig. 8-2).

8.1.3 Effect of Corrosion on Tube rupture Behavior

Appearance and size change of the ruptured tube

The accidental rupture of the tube occurred in the Pb-Bi sampling line during the
heat up process of the main loop of Pb-Bi forced convection test loop from room
temperature to 250°C. At that time, the liquid Pb-Bi leaked from the tube to the heat
insulator. Figure 8-3 shows a photo of the ruptured tube. The fracture crack appeared at
span wise center of the tube. Figure 8-4 shows the size of the fracture crack and the
deformation of the tube around the crack. The crack length was 8.3mm. The crack width
was not uniform, and had a maximum width of 1.1mm around the middle of the crack.
Secondary cracks could not be observed by visual inspection. There was local
expansion of the tube around the fractured part and deformation there was not uniform.
The outer diameter and the thickness of the tube were initially 12.7mm and 1mm, and
after the rupture they were 16 mm in maximum and 0.75mm in minimum at the fracture
part, respectively (Fig.4). There, the sheathed heater cut into the expanded tube.

Fractography study

As shown in SEM image (Fig. 8-5), the fracture face could be separated into two
regions, i.e. the region near the outer tube wall and that near the inner tube wall.
Although the former had visible dimple marks characteristics of a ductile fracture (Fig.
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8-6), the inner region did not have the dimple marks. No dimpling was seen 200pum
from the inner surface.

Metallurgical examination

Figure 8-7 (a) shows the SEM images and component profiles for a cross section of
the inner tube wall surface in area (a) which is distant from the fracture crack. The Cr
and Ni contents were lower than those in the steel matrix (Fig. 8-7 (a) Nos.4 and 6).
This means that Cr and Ni were dissolved into the Pb-Bi. In the corroded region, the
Pb-Bi penetrated into the steel matrix to the depth of 8um on average. Dissolved matrix
elements were not detected in the adhering Pb-Bi. This was possibly because the total
amount of the elements dissolved from the steel into the liquid Pb-Bi was small, and the
dissolved elements penetrated uniformly in the liquid Pb-Bi.

Near the ruptured part (Fig. 8-7 (b)), a region with dissolved Cr and Ni was detected
(Fig. 8-7 (b), Nos. 3-6), and the Pb-Bi penetrated into the steel matrix as in area (a).
However, penetration was more significant there than in area (a). The depth of the
penetrated region was 100um on average, and this was 12 times deeper than that of area
(a). The steel matrix of the inner tube surface was partially damaged. This was because
the corroded surface was damaged due to the increased inner pressure in the tube, when
thermal expansion of the Pb-Bi occurred in the heat up process. At the same time, the
Pb-Bi penetration was promoted because the Pb-Bi was pushed into the steel matrix by
the increased inner pressure. Fe dissolved from the inner tube surface was detected in
the adhering Pb-Bi. This indicated that the amount of dissolved Fe from the steel
surface was much larger than that in area (a).

8.1.4 Phenomena of Liquid Metal Embrittlement

Around the fractured part of the tube, local deformation was observed. This implied
that the tube rupture was caused by the increased internal pressure due to thermal
expansion of the Pb-Bi in the tube, since the Pb-Bi melted in the center part of the tube
earlier than in other parts in the same tube. Around. the valve, the pitch of the heater
wound outside could be larger than that around the center of the tube. However, it was
hard to consider that the tube rupture was caused by the thermal expansion of the Pb-Bi
in one temperature increase cycle. That is because the volume change of the Pb-Bi in
each process of freezing, cooling, melting, and heating was less than 1% as reported in
ref. [9]. Therefore, it is more probable that the thermal expansion of the Pb-Bi occurred
repeatedly in heat-up processes.

On the inner tube surface that made contact with Pb-Bi, the steel matrix was
corroded by the liquid Pb-Bi during long exposure (3500 hours) at 400°C. This
corrosion was dominated by so-called LMC (Chapter 3). Ni and Cr dissolved from the
surface into the Pb-Bi due to their high solubility for the Pb-Bi [4]. Then, the corroded
inner tube surface became porous, and the Pb-Bi could penetrate into the porous area.
The depth of the penetration around the ruptured part was much deeper than elsewhere.
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This was because the Pb-Bi was repeatedly pushed into the corroded matrix of the inner

tube wall by the repeated increase of the inner pressure, which was due to the repeated

thermal expansion of Pb-Bi in the heat up process. In the Pb-Bi penetrated region, the

grains were surrounded by Pb-Bi, and the grain-grain bond was weakened. The material
- strength must be weakened. This possibly influenced tube rupture occurrence.

Another possible explanation was that tube rupture in the liquid Pb-Bi was
promoted by LME in addition to the corrosion. In the liquid Pb-Bi, the LME can occur
simultaneously with loss of the mechanical strength by corrosion. According to the
report of Nicholas and Old [10], there are two requirements for the occurrence of the
LME, i.e. a sufficiently high applied stress to produce plastic deformation and a direct
contact between the stressed solid and the embrittler, in this case Pb-Bi. The both of
them were satisfied in the present case, although the stress would be difficult to
determine accurately in the present case since the tube ruptured in a complex stress
system. The direct contact was promoted by the severe penetration of Pb-Bi into the
steel matrix or along the grain boundary. Also in ref. [10], the dependence of the
reaction temperature on the strain rate of steel in a liquid metal-steel system was
described, and the minimum ductility by LME was obtained around the melting point of
the embrittler: Pb-Bi. This also agreed with the present case since the melting point of
the embrittler, Pb-Bi, was 125°C, and the rupture occurred when increasing from room
temperature to 250°C.

In the present case, tube rupture occurred in the low temperature region of the main loop.
Corrosion of the inner tube wall exposed to Pb-Bi at low temperature was not so severe.
However, the thermal expansion of the Pb-Bi which remained in the tube may promote the
corrosion of the inner tube wall, and finally cause the tube rupture. Thus, the Pb-Bi in the low
temperature region of the loop must be drained completely into the dump tank after test use, and
the Pb-Bi has to be melted and heated in the dump tank not in the main loop.

The Pb-Bi may remain in the tube, if a plugging accident is caused by the freezing of
the Pb-Bi in part of the low temperature region of the loop. A possible cause might be a
temperature control problem, e.g. the malfunction of the heater and/or the
thermocouple. As a countermeasure, a spare Pb-Bi drain line should be included in the
low temperature region of the loop. Also, a level meter should be installed in the dump
tank in order to check the amount of drained Pb-Bi.
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8.1.5 Summary

Metallurgical analysis and fractography studies were carried out for a ruptured tube
that had been installed in the sampling line of the Pb-Bi forced convection test loop to
investigate the major factor of tube rupture in liquid Pb-Bi. The results are summed up
as follows:

)]

@

)

The tube rupture was caused by the increase of inner pressure due to the thermal
expansion of Pb-Bi in the heat up process of the loop from room temperature to
250°C after a series of corrosion tests. The ruptured tube was deformed locally,
and the thickness of the tube wall was reduced around the ruptured part.
Particularly at the ruptured part, the outer diameter and the tube thickness were
changed from initial 12.7 mm and 1 mm to 16 mm and 0.75 mm, respectively.

Liquid metal corrosion occurred on the inner tube wall surface was in contact
with the liquid Pb-Bi. In the corroded region, the steel alloying elements of Ni
and Cr were dissolved into the liquid Pb-Bi, and the liquid Pb-Bi penetrated into
the steel matrix. The corrosion around the ruptured part was more severe than
elsewhere in the same tube. Around the ruptured part, the thermal expansion of
the Pb-Bi in the tube during the temperature increasing process of the sampling
line promoted the corrosion.

The fracture face exhibited a mixed fracture surface with ductile and brittle areas.
The area near the outer tube wall had visible dimple marks characteristics of a
ductile fracture. The area near the inner tube wall, which was in contact with
liquid Pb-Bi, did not have the dimple marks.
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8-2 Effect of Corrosion on Performance of pump and

flow meter in flowing Pb-Bi

8.2.1 Introduction

Lead bismuth eutectic (Pb-Bi) is one of the candidates for a coolant of fast breeder
reactors. The development of an electro-magnetic pump (EMP) which can be used as
main circulation pump of the FBRs with Pb-Bi coolant is foreseen to simplify the
design. However, key problem is that a corrosion/erosion of the pump core material by
liquid Pb-Bi flow and a precipitation of corrosion products in narrow pump channel
worsen the performance.

The coolant loop of the Pb-Bi cooled FBR may be divided into a high temperature
region around fuel assembly and a low temperature region which is equipped with the
EMP and flow meter. Corrosion products from steels in the high temperature region,
must contaminate the Pb-Bi. And, it may precipitated in the low temperature region by
solubility difference at different temperature [4]. The performance of the EMP and the
flow meter may be influenced by the precipitated materials on their surfaces.

In the case of an electro-magnetic flow meter (EM-flow meter), the precipitation of
corrosion products on the electrode surface seemed to have little of influence on the
wettability. Therefore, the flow meter kept the stable performance during the operation
even if a little precipitation occurred. However, in the case of the EMP, precipitation of
the corrosion products in narrow pump channel might worsen the performance possibly
“due to the plugging.

The purpose of the work in this chapter is to investigate the effect of Contam
ination of liquid Pb-Bi on the performance of Electro Magnetic flow meter and

pump.

8.2.2 Experimental Apparatus and Procedure

Pb-Bi forced convective test apparatus

Figure 8-8 (a) shows the schematic of the forced convective Pb-Bi circulation loop
which has been used for steel corrosion test. The loop consists of a high temperature
region made of 9Cr-1Mo steel and a low temperature region made of SS316
(18Cr-12Ni-2Mo) steel. The heater, the corrosion test section, the oxygen sensor are
installed in the high temperature region, and the air cooler, the EMP and the EM-flow
meter are in the low temperature region. Pb-Bi is circulated by the EMP at the rated
operation flow rate, and the flow rate is measured by the electromagnetic flow meter.

Figure 8-8 (b) shows the geometries of the electrode of the EM-flow meter used in
the present study. This type has simple geometry, but the wettability of not only
electrode surface but also channel-wall surface has influence on the electro motive force
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(EMF) because of no electrical insulation between the electrode and the channel wall.
The electrode was made of SS316. The tips of the electrodes were plated with Au and
Rh with 1 um and 10 pm in thickness, respectively, to avoid initially the formation of
the oxide layer which caused contact resistance and worsened the wettability.

The EMP is a linear induction type with an annular gap between a cylindrical core
and a circular duct. The main specification of the EMP are as follows: flow rate 0-6.0
L/min, annular channel gap 1.35 mm, frequency 50 kHz, inner duct diameter 34.0 mm,
outer duct diameter 42.7 mm, duct thickness 3.0 mm, phase voltage 200 V. The
geometry of the pump core was schematically shown in Fig. 8-8 (c). Pb-Bi enters the
pump from the horizontal pipe and flows through the annular channel. The pump core
and the outer duct are made of SS316. The core is welded and fixed at upstream part
and that at downstream part is axially free without welded to relieve axial thermal
expansion of the core. The EMP system is ungrounded, which could reduce the
disturbance in the magnetic fields. Electrodes and electro-magnetic flow meter, (c)
Circular duct and core of electro-magnetic pump

Test condition

The Pb-Bi forced convection loop was operated for steel corrosion tests in the
corrosion test section at the temperature of 550°C. The performance of the EMP was
evaluated after a series of the operations listed in Table 8-3. The oxygen concentration
that was varied might not influence the corrosion behavior of the pump core since all
the oxygen potentials were higher than that required for the formation of Fe;O4 at the
temperature of 400°C. '

Metallurgical analysis

After the operation for the third corrosion test, the electrode of the flow meter was
taken out of the test loop, and the cross section of the electrode was observed by
scanning electron microscope (SEM) and the energy dispersive X-ray analyzer (EDX).
After the fourth corrosion test, the pump core was removed from the EMP duct. The

core was cut into test pieces without removal of adhered Pb-Bi, and the test pieces were
analyzed by the SEM/EDX.
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8.2.3 Effect of Corrosion on Performance of

Electro-Magnetic Flow Meter

The EMF of the electro-magnetic flow meter was stable during the operations for the

third and fourth corrosion tests. Fig. 8-9 (a) shows the calibration curves obtained
before and after the 1000 hour-operation for the third corrosion test. It is found that the
calibration curves agree well with each other.
The cross section of the electrode observed by SEM/EDX after the operation for the
third corrosion test is shown in Fig. 8-9 (b). The plated Rh and Au on the surface were
not observed. Rh and Au might be dissolved and flow out during 1000 hour-exposure.
Some lumps, which was round in shape and approximately 20 um in diameter, shown in
Fig. 8-9 (c¢) might be a corrosion product precipitated on the electrode surface. The
results of EDX analysis indicated that the composition of the metal elements in the
lump were Fe-96.85wt%, Cr-0.46wt%, Ni-0.02wt%, Mo-0.92wt%, Si-0.2wt%, -
Pb-Owt% and Bi-Owt%, which means that the lumps are made of Fe. These facts
indicated that the precipitation of corrosion products on the electrode surface during
1000 hour-operation did not influence the performance of the electro-magnetic flow
meter.

8.2.4 Effect of Corrosion and Precipitation on Performance

of Electro Magnetic Pump

During the third and the fourth corrosion test, the flow rate which was monitored by
the electro-magnetic flow meter (chapter 8.2.3) decreased as shown in Figs. 8-10 (a)
and (b).

Figure 8-10 (a) shows that the flow rate decreased in 200 hour-intervals in the third
corrosion test in spite that an applied voltage in EMP was increased repeatedly to keep
the flow rate constant. Although the voltage of 50 V was applied in the EMP to keep the
flow rate of 3 L/min within the operation for initial 300 hours, voltage of 65 V was
required to keep the constant flow rate, finally.

Figure 8-10 (b) shows that the flow rate decreased in short-time intervals in the
operation for the fourth corrosion test. Around the time of 400 hours, the drop of the
flow rate was relatively large. The voltage applied to the EMP was increased in the
same manner of the third corrosion test. ‘

These facts suggest that the performance of the EMP became worse during the
operations for the corrosion tests. It might be caused by the plugging of the flow
channel by precipitation of corrosion products produced by corrosion in the high
temperature region and transported into the low temperature region.
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8.2.5 Precipitation of corrosion products

Figures 8-11 (a) to (c¢) show the appearance of the pump core after the series of
operations for the corrosion tests. The surface color of the pump core changed from
initial metallic luster to black as shown in Fig. 8-11 (a), which means that oxide layer
was formed or corrosion products were precipitated on the surfaces.

In the part A, there was no corrosion and erosion on the pipe wall. Fig. 8-11 .(b)
shows the front view of the core head upstream (Part B) and downstream (Part D).
Severe erosion was observed on the surface of the EMP core head upstream (Part B).
However, the other part of the EMP core was not eroded as shown in Figs. 8-11 (b) and
(c). '

These facts imply that the corrosion behavior on the surface of the EMP core head
(Part B) was exceptional compared with those on the other part. That is because Pb-Bi
flowed into the pump core, and then the flow collided with only front part of the core
head. Pb-Bi penetrated into the steel matrix, which might weaken the surface. Then, the
erosion was caused in the way that the weakened area was destroyed by normal and
shear stresses of the flow in the complex shape of the inlet part.

Figures 8-12 (a) to (f) show the results of SEM/EDX analysis for the core head
upstream (part B). In top region (Fig.8-12 (a)), the steel matrix was locally eroded to
the depth of approximately 100 um, and Pb-Bi adhered to the eroded region. Pb-Bi
penetration in the steel matrix, the condition of which was similar to that reported in
Chapter 3 was observed in the eroded part.

Fig. 8-12 (b) shows that the surface was eroded at the bottom of the spacer, and
Pb-Bi adhered to the eroded region. In the adherent Pb-Bi, the lump of Fe with the
diameter of approximately 10 pm were observed. The lump might be a precipitation
product since the shape and the components were similar to that reported in ref [11]. As
the same as area (a), Pb-Bi penetration into the steel matrix was observed in the eroded
part. Fig. 8-12 (c¢) shows that Pb-Bi selectively penetrated along the welded part
between the ring spacer and the spacer. This means that the area sensitized by the
welding process was weaker for Pb-Bi corrosion than the other part. In the adherent
Pb-Bi, the some lump of Fe was observed. Fig. 8-12 (d) shows the magnified view of
the corrosion products. The size and component were similar to those of the area shown
in Fig. 8-12 (b). Fig. 8-12 (e) shows that the corrosion product, which consisted of
small Fe lumps with the diameter of approximately 10 um, adhered to the surface of the
ring spacer. The lump contained Pb-Bi inside. The size of the corrosion products is 100
pum in width and 50 pm in height. Fig. 5 (f) indicated that the corrosion products
adhered to the surface of core part (e). The size of the corrosion products was 50 pm in
width and 50 um in height. '

Figures 8-13 (a) and (b) show the results of SEM/EDX analysis for the core head
downstream (part D). The surface was smooth without any corrosion. ‘

. Figure 8-13 (a) shows that the corrosion products with the diameter of 40 pm had

double layer structure. The component of the outer layer was Fe of 90wt% and Pb-Bi of
10wt%. That of inner layer (diameter range of 0-20 um) was 99wt% Fe. Pb and Bi were
enriched in the interface between the inner layer and the outer layer. The outer layers of
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corrosion products were merged with adherent Pb-Bi as if the interface was not clear.
Fig. 8-13 (b) shows that corrosion products which has double layer structure adhered to
the surface. :

The corrosion products, which were mainly composed of Fe, might be precipitated on
* the surface of the pump core due to the difference in solubility with the temperature
difference of 150°C in the loop. The size of 20 um in diameter and the components of
the precipitation material in the present study were similar to those in the precipitation
material in liquid Pb-Bi reported by Kikuchi et al. [11],. More precipitation materials
were observed in the outlet part than in the inlet part. The precipitation products which
were combined with each other were also observed. The precipitation products could be
the cause of channel plugging that worsened the performance during the operation.
Then, the strong magnetic fields in EMP may have influence on trap of Fe in the
channel and promote the plugging. '

The precipitated material had the double layer structure. The inner layer should
contain Pb-Bi, if the precipitation is not finished completely in Pb-Bi. However, the
analysis results indicated that the inner layer did not contained Pb-Bi. Therefore, the
precipitation must be finished in the inner layer. On the contrary, the outer layer
contained Pb-Bi. It indicated that the precipitation did not finish in the outer layer. Then,
the precipitation mechanism can be summarized as that the precipitation occurs step by
step from the inner layer to the outer one. The double layer structure might be caused by
difference of the precipitation period.

Erosion occurred at the inlet of the pump core. In the eroded part, Pb-Bi was
penetrated into the steel matrix. Thus, the erosion mechanism may be explained as
follows: Pb-Bi penetration into the steel matrix weakened the surface, and the weakened
area was destroyed by dynamic normal and shear stresses. However, Fe in the steels
might not dissolve since the Fe concentration in Pb-Bi was saturated in the low
temperature region as the precipitation of the Fe in adhered Pb-Bi was observed.
Therefore, dissolution of Ni or Cr into Pb-Bi from the steel matrix might be the cause of
erosion.
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8.2.6 Summary

The corrosion and precipitation behaviors were investigated on the electrode surface
of an electro-magnetic flow meter and the surface of an electro-magnetic pump (EMP)
core to clarify the effect of the corrosion of precipitation on the performance of the
EMP. The results are summed up as follows:

)] Some round lumps approximately 20 pum in diameter were precipitated on the
electrode surface. The main metal elements in the lump were Fe.

) The erosion was observed only at the entrance of EMP flow channel. In the
eroded part, Pb-Bi penetrated into the steel matrix, which might weakened the
surface and caused the erosion in the way that the weakened area was destroyed
by normal and shear stresses of the flow in the complex shape of the inlet part.

3) The precipitation products were made of a double-layer structure. The inner
layer (diameter range of 0-20 pm) contained Fe in the fraction of 99wt%, and
the outer layer (diameter range of 20-40 um) contained Pb-Bi in the fraction of
10wt%. The double layer structure might be caused by difference of
precipitation period. These precipitation products could be the cause of channel

plugging.

8.3 Conclusions

The phenomena of tube rupture and precipitation of corrosion products in the liquid
Pb-Bi were metallurgically investigated.

In Chapter 8.1, it was found that the Pb-Bi penetrated tube had weaker mechanical
strength than the normal tube. The use of corrosion resistant materials (explained in
Chapter 6 and 7) as the tube material must inhibit the penetration type corrosion in the
liquid Pb-Bi. Then, the tube can keep the mechanical strength in the liquid Pb-Bi, and
avoid the occurrence of the tube rupture.

In Chapter 8.2, it was found that the precipitated material was Fe, which was
dissolved from the steels in the liquid Pb-Bi in the high temperature region of the loop.
Therefore, the use of corrosion resistant material (explained in Chapter 6 and 7) as the
structural material in the high temperature region of the loop may inhibit the dissolution
of their alloying elements from the materials into the flowing Pb-Bi, and this can stop
the occurrence of the precipitation, consequently.
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Table 8-1 Temperature change of Pb-Bi sampling line
Proce'ss Heating Cooling
Temperature change (°C) RT-250 250-400 400-250  250-RT
Total number of temperature 23 23 23 23
change cycles
Table 8-2 Total exposure time of Pb-Bi sampling line
Temperature (°C) 250 300 350 400
Total exposure time (hour) 622 50 4 3440

Table 8-3

EMP operating conditions

1st corrosion test

2nd corrosion test  3rd corrosion test 4th corrosion test

Temperature of pump core

Q) 400 400 400 400
Temperatur(cz g)f hot region 550 550 550 550
Flow rate (L/min) 2 2 1 1
Test time (hour) 959 1000 1000 500
Oxygen concentration 5x107 1x10° 1.7x10° 1.7x10°®

(wt%)
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Fig. 8-1 Pb-Bi forced convection test loop
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Conclusions

In order to outline the corrosion control by using corrosion resistant materials and
chemical control technique in the flowing Pb-Bi, the corrosion characteristics of various
materials were investigated and oxygen control system was developed. The following
conclusions are drawn from the study above.

In the Chapter 2, it was found that the solid electrolyte type oxygen sensor had
reliability in the long-term use in the flowing Pb-Bi. The performances of the sensor
cells made of yttria stabilized zirconia and magnesia stabilized zirconia were the same,
even though the former one caused the erosion. With this oxygen sensor, the
performance of the mass exchanger type oxygen control system was investigated. The
oxygen exchange between the flowing Pb-Bi and PbO was depended on the solubility of
the oxygen in Pb-Bi, that is, the oxygen concentration depended on the reaction
temperature of the PbO sinter with Pb-Bi. According to a calculation applying the
Nernst equation to the EMF signals, the oxygen concentration was controlled between
1x10™ wt% (temperature of PbO sinter: 315°C) and 3x10° wt% (temperature of PbO
sinter: 280°C). This indicated that the oxygen concentration in the Pb-Bi flow controlled
in the corrosion-inhibited region.

In the Chapter 3, the mechanism of erosion and corrosion of steels in the flowing
Pb-Bi was investigated. It was found that the liquid metal corrosion (LMC), or Pb-Bi
penetration into steels occurred in all the steels, and severe erosion took place in some
of the steels under low oxygen concentration of 1.57x10"°wt% in the flowing Pb-Bi. It
was confirmed that the erosion was caused by hydrodynamic carrying away of
weakened surface materials due to Pb-Bi penetration. The large-scale erosion could be
caused by the detachment of lumps of corroded materials that had defects formed by
dissolution of alloying elements.

In the Chapter 4, the corrosion test was performed at the oxygen potential higher than
that for the formation of Fe oxide in order to inhibit severe LMC, which was explained
in the Chapter 3, by the formation of oxide layer on the steels. In the work, the oxygen
measurement technique explained in the Chapter 2 was used. Consequently, the LMC
was inhibited by single or multiple oxide layers formed on the steel surfaces. The oxide
layers can be classified to an inner layer and an outer one. The existence of the inner
oxide layer might be more important for the corrosion resistance since the inner one was
compact and stuck to the steel surface while the outer one was easily broken into small
pieces with cracks and peeled from the substrate. It was found that an oxidation

corrosion was caused by the detachment of the unstable oxide layers in the flowing
Pb-Bi. ‘ '

In the Chapter 5, the effects of surface roughness of steels and pre-oxidation of steels

on oxidation corrosion in the flowing Pb-Bi, which was partly explained in the Chapter
4, were studied experimentally.
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The corrosion characteristics of pre-oxidized steels were investigated by means of
short term corrosion test with the specimens of SS430 SS405, SUH3, STBA26, SS316
and SCM420, which were pre-oxidized in moist air at the temperature of 500°C, partial
pressure of water vapor of 92.5mmHg and oxidation time of 12, 24 and 72 hours. The
- weight losses of the pre-oxidized steels were lower than those of the test pieces without
“pre-oxidation, which means that the initial corrosion was inhibited by the existence of

the preformed layers. However, the pre-formed oxide layer could not be observed
possibly because they were flowed out by the heavy density fluid flow. The layer
different form the preformed one was observed. Then, it can be concluded that the
preformed oxide layer was effective only for initially. And, the self-healed oxide layer
was formed and the layer inhibited the corrosion after the flowed out of the preformed
oxide layers.

The effect of surface roughness of the steels on the corrosion behaviors was
investigated by the expose of the specimens, which had the surface of smooth, rough
and their middle roughness, in the flowing Pb-Bi at the temperature of 550°C. As the
test steels, 12Cr- and 9Cr- steels were selected. In the surface-smoothened specimens,
compact oxide layers were formed on the surfaces. In the surface-roughened specimens,
oxide layers with cracks were detected on their surfaces, and the cracks mainly existed
around the convex part of the substrate. This implies that frictional and shear stress by
the heavy density Pb-Bi flow concentrated in the layer at the convex part of the
substrate. The rough surface of the steels promoted the oxidation corrosion in the
flowing Pb-Bi.

In the Chapter 6, the effect of alloying elements, Cr, Si, and Al in steels on corrosion
resistance was investigated. First, the corrosion characteristics of high Cr steels were
investigated by means of corrosion tests with the specimens of steels, which have
various contents of Cr, in the flowing Pb-Bi. SS430 (18-Cr steel) showed excellent
corrosion resistance after the exposure in the flowing Pb-Bi at 550°C up to 2,000 hours.
The weight loss of the SS430 specimen in the Pb-Bi flow was lower than those of the
other steels. This is because the SS430 steel formed the Cr rich single layer, and the
- Cr-rich layer had resistance not only for the LMC but also for the oxidation corrosion in
the flowing Pb-Bi.

Then, the corrosion resistance of Si- and Al-rich steels in the flowing Pb-Bi was
studied experimentally. The specimens of SUH3 (10Cr-1Mo-28i), NTKO04L (18Cr-3Al)
and Recloyl0 (18Cr-1Al-1Si) were exposed to the Pb-Bi flow at the temperature of
550°C up to 2,000 hours. The oxygen concentration in the flowing Pb-Bi was higher
than that for the formation of the oxide of Al, Si, Cr and Fe. After the exposure, the
surface of the Si-rich steel, SUH3, was kept smooth with no liquid metal corrosion
(LMC). On the surface, thin oxide layer was formed. The layer had a double layer
structure that consisted of an unstable outer layer and a compact inner one. The inner
layer worked as barrier for the LMC, while detachment of the outer layer could cause
oxidation corrosion. As for the Al-rich steel, NTKO4L, an Al-rich single layer was
formed and stuck on the surface. This layer protected the matrix from the LMC.
Oxidation corrosion did not occur on the steel, since this layer was oxidation resistant
even in the condition of high oxygen potential. The weight losses of the NTKO04L steel
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in 500-hour and 2000 hour-exposure were negligibly small. As for Al- and Si-rich steel,
Recloy10, an Al- and Si-enriched single layer was formed on the surfaces. The property
of the layer was similar to that in the NTKO4L steel. The weight loss of the Recloy10
steel was also negligibly small. '

. From these results, it was found that high Cr steel, such as SUS430 (18Cr) steel, had
corrosion resistant in the flowing Pb-Bi even at high oxygen concentration. Al and Si
around 1-3wt% in steels drastically improved the oxidation corrosion resistance in the
flowing Pb-Bi. Thus, the corrosion of the steels in the flowing Pb-Bi in the oxygen
concentration higher than that for the formation of Fe-oxide can be inhibited by the use
of Cr-, Si- and/or Al- rich steels.

In the Chapter 7, corrosion characteristics of SiC and Si;N4 ceramic materials in the
flowing Pb-Bi were investigated. It was found that the specimens of SiC and Si3N4 kept
smooth surface without a corrosion and an oxidation in the Pb-Bi. Although the surface
showed several cracks, the Pb-Bi was not diffused in the cracks. These cracks might be
caused by a shear and/or normal stress of the heavy density Pb-Bi flow. The weight loss
of the SiC and Si3Ny4 specimens in the flowing Pb-Bi was negligibly small. Thus, the
ceramic materials, such as SiC and SizN4, can be used in the flowing Pb-Bi, even
though the improvement of mechanical properties is necessary to avoid the occurrence
of the cracks on the surfaces. ’

In the Chapter 8, metallurgical analysis for the ruptured tube and precipitated
material in the flowing Pb-Bi was carried out. The tube rupture occurred while the loop
temperature was being increased from room temperature to 250°C. The rupture occurred
for a tube which had been used with Pb-Bi at 400°C for 3,500 hours and 23 increasing
temperature cycles. The tube expanded locally around the ruptured part, which indicated
that the rupture was caused by the thermal expansion of the Pb-Bi in the tube. More
severe liquid metal corrosion was observed at the inner tube surface around the ruptured
part than elsewhere in the tube. The fracture mechanism in the rupture face could be
classified into two types, i.e. brittle fracture without any sign of dimple marks in the
inner region of the tube wall and ductile fracture in the outer region of the tube wall. By
the analysis of the precipitated materials on the immersion part of the electro magnetic
pump, it was found that the Fe precipitated in the flowing Pb-Bi in the low temperature
region of the loop by the temperature drop. By using corrosion resistant structural
material such as explained in Chapters 6 and 7 in the loop, the penetration of the Pb-Bi
into the steels is inhibited, and the tube will keep the regular mechanical properties in
the flowing Pb-Bi. Also, the dissolution of the alloying elements of the steels into the
flowing Pb-Bi in the high temperature region must be drastically decreased. Then, The
amount of the Fe precipitate will be decreased.
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