
Available online at www.sciencedirect.com
www.elsevier.com/locate/jnucmat

Journal of Nuclear Materials 373 (2008) 164–178
Corrosion behavior of steels in liquid lead–bismuth
with low oxygen concentrations

Yuji Kurata *, Masatoshi Futakawa, Shigeru Saito

Japan Atomic Energy Agency, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195, Japan

Received 1 August 2006; accepted 26 May 2007
Abstract

Corrosion tests in pots were conducted to elucidate corrosion behavior of various steels in liquid lead–bismuth for 3000 h under the
condition of an oxygen concentration of 5 · 10�8 wt% at 450 �C and an oxygen concentration of 3 · 10�9 wt% at 550 �C, respectively.
Significant corrosion was not observed at 450 �C for ferritic/martensitic steels, F82H, Mod.9Cr–1Mo steel, 410SS, 430SS except 2.25Cr–
1Mo steel. Pb–Bi penetration into steels and dissolution of elements into Pb–Bi were severe at 550 �C even for ferritic/martensitic steels.
Typical dissolution attack occurred for pure iron both at 550 �C without surface Fe3O4 and at 450 �C with a thin Fe3O4 film. Ferritiza-
tion due to dissolution of Ni and Cr, and Pb–Bi penetration were recognized for austenitic stainless steels, 316SS and 14Cr–16Ni–2Mo
steel at both temperatures of 450 �C and 550 �C. The phenomena were mitigated for 18Cr–20Ni–5Si steel. In some cases oxide films could
not be a corrosion barrier in liquid lead–bismuth.
� 2007 Elsevier B.V. All rights reserved.

PACS: 81.65.K; 28.41.T
1. Introduction

Lead and lead–bismuth eutectic(LBE) are promising
candidate materials of core coolants and high-power spall-
ation targets of accelerator driven systems (ADSs) for
transmutation of radioactive wastes and of coolants of fast
reactors(FRs). However, compatibility of materials with
liquid lead and LBE is one of critical issues to develop
the ADSs and the FRs. In previous Russian studies [1–3],
importance of oxygen control in lead and LBE was pointed
out and martensitic steels containing Si were developed for
corrosion resistance. It was proposed that the corrosion
was characterized by dissolution of alloy components
(liquid metal corrosion) at low oxygen concentrations
and oxidation at middle and high oxygen concentrations
[1,2]. Corrosion was mitigated for the 12 wt%Cr martens-
itic steel with Si addition developed in Russia under the
0022-3115/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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condition of controlled oxygen concentrations for Fe3O4

formation [3].
The active oxygen control technique in LBE has been

one of key technologies to form self-heeling protective
oxides on steels and to prevent slag formation and plugging
[3–5]. The oxygen concentration was controlled within the
range between Fe3O4 formation and PbO formation.
However, the lower limit of the oxygen concentration at
Fe3O4 formation potential has not been well-grounded.
Temperature and oxygen concentration dependency of
the oxide films has not been clarified since experimental
data are scarce under the condition near and below
Fe3O4 formation.

Experimental studies have been performed recently for
development of ADSs and FRs with a LBE coolant
[6–27]. Ferritization of austenitic stainless steels due to Ni
dissolution into LBE has been reported under the condi-
tion of high and middle oxygen concentrations above
550 �C [9,11,15,23,24]. The stability of oxide layers formed
in LBE was studied at various temperatures and oxygen
concentrations [12,18,20]. The experimental results showed
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that there existed the threshold temperature of the forma-
tion of a protective and stable oxide layer that depended
on types of steels and oxygen concentrations [18,20]. The
erosion–corrosion due to detachment of corroded areas
was also reported in the loop test of liquid LBE [13,25].
It was reported recently that the temperature, oxygen con-
centration, flow velocity, steel composition and thermal
gradient play important roles in the corrosion [6–27]. How-
ever, we cannot attain to definite and quantitative conclu-
sions because the results obtained are still scarce and
scattered.

With the aim of predicting corrosion at each place of
plant systems using LBE, corrosion models in simple non-
isothermal LBE flow loops have been developed [28–30].
The corrosion models are mainly composed of dissolution
of steel elements at high temperature parts, mass transfer
due to flow of LBE and precipitation at low temperature
parts. It is necessary to obtain correct experimental data
for the effects of temperature, oxygen concentration, flow
velocity and steel composition on corrosion in LBE in order
to develop the corrosion model.

Static tests in pots and loop tests were conducted to
estimate the corrosion. The former is mainly conducted
to understand basic corrosion mechanism and make
screening of materials. The latter is conducted to study
effects of flow velocity and mass transfer from high
temperature parts to low temperature parts. Although
corrosion in LBE depends on temperature, oxygen con-
centration, flow velocity, thermal gradient, etc., their
dependency has not been fully understood. This paper
summarizes results of static corrosion tests conducted
under low oxygen concentration conditions while results
obtained under high oxygen concentrations have already
been reported elsewhere [23,24].

The purpose of the present study is to elucidate corro-
sion behavior (dissolution of steel elements, penetration
of Pb and Bi, oxidation, grain boundary corrosion etc.)
of various steels in LBE at low oxygen concentrations.
We can get knowledge on types of corrosion, corrosion
depth and types of corrosion films in LBE with low oxygen
concentrations from the study.
Table 1
Chemical compositions of materials tested in the static corrosion experiment (

C Si Mn Cr Ni M

F82Ha 0.095 0.10 0.01 7.72 <0.02 <0
Mod.9Cr–1Mo steela 0.10 0.30 0.40 8.41 0.06 0
14Cr–16Ni–2Mo(JPCA)b 0.058 0.50 1.54 14.14 15.87 2
410SSa 0.067 0.31 0.80 12.21 0.12 0
430SSa 0.080 0.52 0.23 16.24 0.15 0
2.25Cr–1Mo steela 0.10 0.34 0.44 2.18 0.02 0
Pure iron 0.002 – – – – –
316SSb 0.04 0.69 1.22 16.83 10.79 2
SXb,c 0.010 4.80 0.60 17.58 19.08 0

a Ferritic/martensitic steels.
b Austenitic steels.
c Trademark of the Sandvik Corporation.
2. Experimental

2.1. Materials and specimens

Table 1 shows chemical compositions of test materials.
The SX steel is an alloy developed for use in a sulfuric acid
environment and the characteristic of the steel is high Si
content. Since it was reported that Si addition to steels
improves corrosion resistance in liquid LBE [2,3,15,23],
the corrosion test for the SX steel was conducted. Corro-
sion specimens are rectangular plates with the size of
15 mm · 30 mm · 2 mm, and a hole of 7.2 mm diameter
is made for installation at the upper part of the specimen.
The surface of corrosion specimens is polished using emery
papers up to #600.

2.2. Corrosion test apparatus and procedure

Fig. 1 shows a schematic diagram of a corrosion test
apparatus in liquid LBE and specimen arrangement.
Components contacting liquid LBE were made of quartz.
As received eutectic Pb–Bi (45Pb–55 Bi) of 7 kg was used
in each test of the present experiment. The chemical com-
positions were 55.60 Bi–0.0009Sb–0.0002Cu–0.0001Zn–
0.0005Fe–0.0007As–0.0005Cd–0.0001Sn–Bal.Pb (wt%).
Corrosion tests were conducted at 450 �C and 550 �C for
3000 h. The temperature was measured using a thermocou-
ple at the same depth as the specimen location. Nine spec-
imens of materials listed in Table 1 were exposed to the
liquid LBE in the pot. The ratio of the specimen surface
area to the liquid LBE volume was about 100 cm2/l.

The LBE was melted with Ar cover gas with purity of
99.9999%. Specimens were immersed and Ar–4%H2 gas
was bubbled in the liquid LBE after the temperature of
liquid LBE arrived at the corrosion test temperature. Inner
diameter of the quartz tube for bubbling was 2 mm. The
flow rate of Ar–4%H2 gas was 100 cm3/min during the first
two days and about 20 cm3/min afterwards until the end of
the test on the basis of results described later in the
measurement of oxygen concentrations during Ar–4%H2

gas bubbling in LBE. Specimen arrangement is shown in
wt%)

o Fe V N W Ti Al Cu

.01 Bal. 0.18 0.010 1.95 0.005 <0.001 –

.88 Bal. 0.20 0.047 <0.0005 <0.01 0.033 –

.29 Bal. 0.03 0.003 0.010 0.22 0.012 –

.02 Bal. 0.07 0.013 – <0.01 0.002 –

.02 Bal. 0.10 0.024 – <0.01 0.007 –

.92 Bal. 0.01 0.009 – <0.01 0.002 –
Bal. – 0.001 – – – –

.06 Bal. – – – – – –

.356 Bal. – – – – – 2.14
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Fig. 1. A ring spacer made of quartz was inserted at the
upper part of specimens so that specimens did not contact
with each other. The gas bubbling tube was located to pre-
vent collision of gas injected in the liquid LBE at speci-
mens. A small quartz container was immersed in the LBE
at the same depth as those of specimens to sample the
LBE at the start of the test and pulled out at the end of
the test.

Test specimens were rinsed in silicone oil at 170 �C after
the corrosion tests to remove adherent LBE on the surface
of the specimens. However, the LBE could not be removed
completely. The cut specimens were plated with copper and
molded into resin to protect corrosion films during polish-
ing. Analyses were made using an optical microscope, a
scanning electron microscope (SEM) with energy disper-
sion X-ray (EDX) and a laser microscope.

The corrosion depth was measured using an optical
microscope and a SEM. The corrosion depth is the sum
of corrosion film thickness, grain boundary corrosion
depth, hollow depth, penetration depth of Pb and Bi, and
thickness of the formed ferrite layer. The corrosion depth
is the average of about 5 measurements obtained at the
places where corrosion is deep.
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Fig. 2. Electromotive force(E) of oxygen sensor and oxygen concentration
in liquid LBE during gas bubbling of Ar–4%H2.
2.3. Oxygen concentration in liquid LBE

An oxygen sensor was made of a cylindrical solid elec-
trolyte, ZrO2–8 mol%Y2O3 with a reference electrode of
Pt/air system. The sizes of the normal type oxygen sensor
were 15 mm in diameter and 350 mm in length. The oxygen
concentration was measured under the condition where
Ar–4%H2 gas was bubbled in liquid LBE using the same
corrosion apparatus as that employed in the corrosion test.
The oxygen sensor using the solid electrolyte is represented
by the following concentration cell:

P O2ref
==solid electrolyte==P O2

; ð1Þ

where P O2ref
and P O2

are the oxygen partial pressures of the
reference electrode and of the working electrode in the
liquid LBE. The electromotive force, E is given by the
Nernst equation:

E ¼ RT
4F

ln
P O2ref

P O2

; ð2Þ

where R is the gas constant, T the temperature in the unit
of K and F the Faraday constant. According to Courouau
et al. [31], the following equation among E, T and oxygen
concentration, CO in liquid LBE is drawn for oxygen sen-
sor with a reference system of Pt/air when E is lower than
that of oxygen-saturation:

E ¼ 0:791� 4:668� 10�4T � 4:309� 10�5T ln CO: ð3Þ

Fig. 2 shows a time-response of the E values during Ar–
4%H2 gas bubbling. The flow rate of Ar–4%H2 was the
same as described in 2.2. It is found that the E values in-
creased with time and attained constant at each tempera-
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ture during Ar–4%H2 gas bubbling. Oxygen concentrations
in liquid LBE bubbled by Ar–4%H2 gas were estimated to
be 5 · 10�8 wt% at 450 �C and 3 · 10�9 wt% at 550 �C,
respectively, as a result of calculation using Eq. (3).
Fig. 3 shows the relationship between oxygen potential of
oxide formation for Pb, Fe, Cr and Si, and temperature
with lines of constant oxygen concentrations in LBE. Open
circles indicate the present conditions. The oxygen poten-
tial at 450 �C is above that of Fe3O4 formation and the
oxygen potential at 550 �C is below it. It was expected that
Fe3O4 was formed at 450 �C and was not at 550 �C.
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2.4. Concentrations of Ni, Cr and Fe in LBE after

corrosion test

Concentrations of Ni, Cr and Fe in LBE were measured
by inductively coupled plasma atomic-emission spectrome-
try (ICP-AES). Table 2 shows concentrations of Ni, Cr and
Fe in LBE before and after the corrosion test and the sol-
ubility of each element. The solubilities of Ni, Cr and Fe in
LBE, CNi, CCr and CFe, respectively, were calculated using
the following equations [1]:
Table 2
Concentrations of Ni, Cr and Fe in LBE (a) before and (b) after corrosion
test and solubility

Temperature (�C) Concentration (wt%) Solubility (wt%)

(a) (b)

Ni 450 <2 · 10�4 <2 · 10�4 2.31
550 3.0 · 10�4 3.21

Cr 450 <2 · 10�4 <2 · 10�4 6.72 · 10�4

550 <2 · 10�4 1.62 · 10�3

Fe 450 <1 · 10�4 3.0 · 10�3 1.10 · 10�4

550 3.1 · 10�3 6.01 · 10�4
log CNi ¼ 1:53� 843=T ; ð4Þ
log CCr ¼ �0:02� 2280=T ; ð5Þ
log CFe ¼ 2:1� 4380=T : ð6Þ
As shown in Table 2 the Ni solubility in liquid LBE is much
higher than the measured concentration. The Ni depletion
at the steel surface was observed for austenitic stainless
steels as mentioned later. The Cr concentration in LBE is
below the detection limit. The Fe concentrations after the
corrosion test were five and thirty times as much as the sol-
ubility at 550 �C and 450 �C, respectively.

The measured concentrations of Fe in LBE were much
higher than the solubility limit after the corrosion test in
pots. There might exist oxides including Fe and nuclei or
fine grains of Fe crystals in LBE during the corrosion test.
No increase in the Fe concentration was recognized in the
experiments under the condition of oxygen-saturated LBE
where oxides including Fe were formed at the surface of
specimens at 450 �C and 550 �C [23,24]. It is probable that
the measured high Fe concentration is due to the existence
of nuclei or fine grains of Fe crystals. In particular, it is
considered that nuclei or fine grains of Fe crystals exist at
the surface of liquid LBE when the surface temperature
of liquid LBE is lower than the inside temperature in a
pot corrosion test with cover gas.

Fig. 4 shows a temperature profile near the surface of
the liquid LBE. The surface temperature of liquid LBE is
420 �C in the corrosion test at 450 �C. The surface temper-
ature is 525 �C in the corrosion test at 550 �C. The Fe dis-
solved at 550 �C in liquid LBE becomes over-saturated
near the surface of 525 �C and produces nuclei or fine
grains of Fe crystals. The LBE near the surface was also
sampled in a quartz container when it was pulled out from
liquid LBE. The corrosion proceeded as a result of mass
transfer and formation of nuclei or fine grains of Fe
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crystals near the surface even after the Fe concentration
has reached the solubility at the test temperature. For this
reason more severe corrosion might occur in the present
test than that in an isothermal test.
3. Results and discussion

3.1. Distinctive feature of corrosion based on observation

using an optical microscope

Figs. 5 and 6 show optical micrographs of the cross-sec-
tions of specimens after corrosion tests at 450 �C and
550 �C, respectively. Observation was performed for trans-
verse and longitudinal sections of each specimen. The fol-
lowing parts are recognized in most micrographs of
Fig. 5: the top black part is a resin, the second white one
Cu plating, the third grey one corroded layers described
in detail later and the lower white one a metal matrix.

Significant corrosion was not found for F82H,
Mod.9Cr–1Mo steel, 410SS, 430SS and SX as shown in
Fig. 5 (a), (b), (d), (e) and (i). A grey layer of about
40 lm in thickness is formed between an indistinct corro-
sion film and a white metal matrix of 316SS of Fig. 5(h).
The grey layer is a ferrite layer formed in the austenitic
stainless steel. Dissolution of Ni and Cr occurs in a ferrite
layer. A thin ferrite layer is also found in JPCA of Fig. 5(c).
Rough surfaces are recognized for 2.25Cr–1Mo steel and
pure iron in Fig. 5(f) and (g), respectively.

Severe corrosion attack was observed at 550 �C. A cor-
roded layer where liquid LBE penetrated from the surface
Fig. 5. Optical micrographs of cross-sections of specimens after corrosion test
3000 h.
is formed in F82H, Mod.9Cr–1Mo steel and 410SS of
Fig. 6(a), (b) and (d), respectively. Corrosion is not so
severe in 430SS containing 16 wt%Cr as shown in
Fig. 6(e). A ferrite layer is formed at the whole surface in
JPCA and 316SS of Fig. 6(c) and (h), respectively. In par-
ticular, a ferrite layer of 350 lm in depth is formed in
316SS. The penetration of Pb and Bi along grain bound-
aries and large holes made by detachment of grains are
found in 2.25Cr–1Mo steel of Fig. 6(f). Large hollows are
recognized in pure iron of Fig. 6(g). Although correct val-
ues of weight change could not be obtained by rinse using
silicone oil, large weight loss of 500 g/m2 was recognized
for the pure iron specimen after the corrosion test at
550 �C for 3000 h. Local ferritization is observed in SX
of Fig. 6(i).
3.2. Corrosion behaviors of various steels

3.2.1. Ferritic/martensitic steels (F82H, Mod.9Cr–1Mo,

410SS, 430SS, 2.25Cr–1Mo)

As an example of the corrosion film, line analysis of
Mod.9Cr–1Mo steel exposed to LBE at 450 �C using
EDX is shown in Fig. 7. Adherent Pb–Bi is left on the thin
corrosion film. There are clear peaks of O and Cr, and
some content of Fe seems to exist. The corrosion film is
considered to be a Fe–Cr spinel oxide. The formation of
Fe3O4 was possible under the condition of an oxygen
concentration of 5 · 10�8 wt% in liquid LBE at 450 �C.
However, a single-layer oxide film is found instead of dou-
ble-layer oxide films. In the corrosion tests under the con-
in liquid LBE with an oxygen concentration of 5 · 10�8 wt % at 450 �C for



Fig. 6. Optical micrographs of cross-sections of specimens after corrosion test in liquid LBE with an oxygen concentration of 3 · 10�9 wt % at 550 �C for
3000 h.

Fig. 7. Line analysis of the cross-section of Mod.9Cr–1Mo steel after corrosion test in liquid LBE with an oxygen concentration of 5 · 10�8 wt% at 450 �C
for 3000 h.
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dition of high oxygen concentrations in liquid LBE the
double-layer oxide films composed of a porous Fe3O4 outer
layer and a Cr-rich spinel inner layer were often observed
[7,16,23,24,26]. Corrosion attack by liquid LBE was not
so severe at 450 �C under the conditions of high and low
oxygen concentrations. Therefore, it was considered that
the formed Fe–Cr spinel oxide contributed to protect the
material at 450 �C.

Fig. 8 shows the result of element mapping for the cross-
section of F82H after the corrosion test at 550 �C. The
complicated shape of the interface of F82H is made by dis-
solution of elements and Pb–Bi penetration. Line analysis
of the cross-section of F82H made using EDX is shown
in Fig. 9. An oxide film exists around the area subjected
to dissolution and Pb–Bi penetration. The corrosion film
is considered to be Mn–Cr spinel oxide. The oxide film con-
taining Mn was also observed in Mod.9Cr–1Mo steel. The
oxide film such as Mn–Cr spinel oxide failed to prevent dis-
solution and Pb–Bi penetration.

Fig. 10 shows a typical example of grain boundary
corrosion observed in 2.25Cr–1Mo steel. Liquid LBE
penetrates along grain boundaries and grains drop out.
The area is seen in the upper photo of Fig. 10. Although
oxide films are found at the surface and grain boundaries
of 2.25Cr–1Mo steel, they fail to prevent penetration of
liquid LBE. Fig. 11 shows the result of element mapping
for the cross-section of 410SS including 12 wt%Cr after
the corrosion test at 550 �C. Penetration of Pb and Bi is



Fig. 8. EDX analysis of the cross-section of F82H after corrosion test in liquid LBE with an oxygen concentration of 3 · 10�9 wt % at 550 �C for 3000 h.

Fig. 9. Line analysis of the cross-section of F82H after corrosion test in liquid LBE with an oxygen concentration of 3 · 10�9 wt% at 550 �C for 3000 h.
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also recognized along grain boundaries of 410SS. The grain
boundary corrosion under an oxide film is remarkable in
liquid LBE with low oxygen concentrations.

In the previous corrosion test at 450 �C under the
condition of oxygen-saturated LBE, double-layer oxide
films with outer Fe3O4 and inner Fe–Cr spinel oxide were
often found in ferritic/martensitic steels [23,24]. The outer
Fe3O4 layer was porous and liquid LBE penetrated into
the outer layer. This tendency was accelerated at 550 �C.
It had been considered that the protective function was
not caused by Fe3O4 film under the condition of controlled
oxygen concentration within the range between PbO forma-
tion and Fe3O4 formation. In some papers [16,19,22], it was
pointed out that the inner Fe–Cr spinel oxide layer in
duplex oxide layers most possibly possessed corrosion resis-
tance under the condition of an oxygen concentration of
10�6 wt% or oxygen-saturation. Although there was possi-
bility of Fe–Cr spinel formation at 550 �C in the present
experiment, the Mn–Cr spinel oxide formed instead of the
Fe–Cr spinel showed inferior corrosion resistance. When
the oxygen concentration decreased in liquid LBE, the
formed oxide often changed from Fe3O4 and Fe–Cr spinel
to Mn–Cr spinel oxide which had poor corrosion resistance.

3.2.2. Pure iron

Dissolution of Fe into liquid LBE most possibly
occurred if the oxygen concentration was too low to form
the oxide film. Since the formation of Fe3O4 is not expected
under the condition of an oxygen concentration of
3 · 10�9 wt% at 550 �C, Fe atoms can dissolve directly into
liquid LBE from the metallic surface. However, the rough
surface was also found on pure iron at 450 �C in spite of
predicting Fe3O4 formation.

Fig. 12 shows 3-dimension images taken by a laser
microscope for the surface of pure iron specimens after
the corrosion tests. It is found that dissolution of Fe
occurred at both temperatures in liquid LBE with the low
oxygen concentrations. Dissolution of Fe occurred initially
at grain boundaries and crystal planes that were easy to
dissolve. When the crystal planes that were difficult to



Fig. 10. SEM images of the cross-section of 2.25Cr–1Mo steel after corrosion test in liquid LBE with an oxygen concentration of 3 · 10�9 wt% at 550 �C
for 3000 h.

Fig. 11. EDX analysis of the cross-section of 410SS after corrosion test in liquid LBE with an oxygen concentration of 3 · 10�9 wt% at 550 �C for 3000 h.
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dissolve existed at the surface, the planes were left and dis-
solution at grain boundaries proceeded. Fresh planes which
appeared by dissolution at grain boundaries produced new
sites for the Fe dissolution. This process created the surface
configuration shown in Fig. 12. The surface configuration
shown in Fig. 12(a) is the middle stage of dissolution,
and that at 550 �C in Fig. 12(b) is the stage where dissolu-
tion corrosion proceeded to deep level.
There was possibility of Fe3O4 formation in the corro-
sion test at 450 �C. Fig. 13 shows a line analysis of the
cross-section of pure iron after the corrosion test in liquid
LBE at 450 �C. It is found that the corrosion film is an Fe-
oxide from the existence of O and Fe. Dissolution of Fe
occurred actually from pure iron at 450 �C even if Fe-oxide
is formed. The Fe3O4 film formed under the condition
of low oxygen concentrations did not have sufficient



Fig. 12. 3-Dimension images taken by a laser microscope for the surfaces of pure iron specimens after: (a) corrosion test in liquid LBE with an oxygen
concentration of 5 · 10�8 wt% at 450 �C for 3000 h and (b) corrosion test in liquid LBE with an oxygen concentration of 3 · 10�9 wt% at 550 �C for
3000 h.

Fig. 13. SEM image and line analysis of the cross-section of pure iron after corrosion test in liquid LBE with an oxygen concentration of 5 · 10�8 wt% at
450 �C for 3000 h.
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corrosion resistance. Similar conclusions will be drawn at
550 �C or higher temperatures. The thin Fe3O4 film formed
under the condition of slightly higher oxygen concentration
than that of Fe3O4 formation had no prevention of Fe dis-



Fig. 14. EDX analysis of the cross-section of 316SS after corrosion test in liquid LBE with an oxygen concentration of 5 · 10�8 wt% at 450 �C for 3000 h.
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solution. This result may be explained by high diffusion
rate of cation in the oxide film with many defects.

3.2.3. Austenitic stainless steels(316SS, JPCA)

Fig. 14 shows the result of EDX analysis of the cross-
section of 316SS after the corrosion test at 450 �C. A ferrite
layer was formed by dissolution of Ni and Cr. Pb and Bi
penetrate the ferrite layer. This is special feature of corro-
sion of austenitic stainless steels [9,11,15,17,23]. Fig. 15
shows the result of line analyses of cross-sections of
316SS after the corrosion tests. The oxide formed at
450 �C contained Mn, Si and some Fe. The oxide con-
taining Mn, Cr and some Si was formed at 550 �C.
Ferritization proceeded under the oxide films at both tem-
peratures. Ni dissolution and oxide formation occur simul-
taneously and the resultant oxide film including many
defects may have poor protectiveness.

It is considered that the aggressiveness of corrosion
depends on not only temperature but also oxygen concen-
tration in corrosion of austenitic stainless steels in liquid
LBE even under conditions where some oxide is formed.
It has been reported that ferritization of 316SS or 316 L
SS occurred at 550 �C under the condition of oxygen-satu-
rated LBE [9,23]. According to Mueller et al. [11,16] the
phenomenon for 316L SS did not occur under the condi-
tion of an oxygen concentration of 10�6 wt%. Ferritization
for 316SS and JPCA occurred at 550 �C and did not occur
at 450 �C under the condition of oxygen-saturated LBE in
the previous experiment [15,23] using the same apparatus
and materials as those in the present experiment. On the
other hand, ferritization occurred for both steels at
450 �C under the condition of an oxygen concentration
of 5 · 10�8 wt% where Fe3O4 could be formed.

Penetration of Pb and Bi occurred not only at grain
boundaries but also within grains in austenitic stainless
steels, 316SS and JPCA in the present experiment. It is
considered that Pb and Bi penetrated into cavities formed
by the selective dissolution and diffusion of Ni and Cr
within grains. Penetration of Pb and Bi is often observed
along grain boundaries in ferritic/martensitic steels. It is
guessed that penetration of Pb and Bi is also fast at grain
boundaries in austenitic stainless steels. The erosion–cor-
rosion process [13,25] has been reported: since Pb and Bi
penetrating grain boundaries weaken the bond of grains,
the grains are taken away from the surface by the hydro-
dynamic forces of LBE flow. In a recent paper [25] the
erosion–corrosion process was emphasized in the loop
test. The specimens were not exposed to the liquid LBE



Fig. 15. Line analyses of cross-sections of 316SS after: (a) corrosion test in liquid LBE with an oxygen concentration of 5 · 10�8 wt% at 450 �C for 3000 h
and (b) corrosion test in liquid LBE with an oxygen concentration of 3 · 10�9 wt% at 550 �C for 3000 h.
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with high flow rates in the present pot test although there
was slow flow due to thermal convection and gas bub-
bling. However, detachment of grains and ferritization
were also observed in the present pot test without high
flow rate LBE. This suggests the importance of corrosion
as the cause of erosion–corrosion observed in the loop
test.

3.2.4. Austenitic stainless steel(SX)

Ferritization occurs locally at 550 �C in austenitic stain-
less steel containing 5 wt%Si, SX as shown in Fig. 6
although it is not found at 450 �C. Ni dissolution and
Pb–Bi penetration were partially observed under the condi-
tion of an oxygen concentration of 3 · 10�9 wt% in liquid
Pb–Bi at 550 �C while a thin and uniform corrosion film
was formed without Pb–Bi penetration at the most part
Fig. 16. SEM image and line analysis of the thin film part of the cross-section
3 · 10�9 wt% at 550 �C for 3000 h.
of SX. Fig. 16 indicates a SEM image and a line analysis
of the area with a thin and uniform corrosion film. Pb–Bi
penetration was not observed. Peaks of O, Si and Cr are
found on the thin film. On the other hand, the area with
Pb–Bi penetration (white dots) was recognized as is shown
in Fig. 17. The depth of Pb–Bi penetration was about
25 lm. The oxide film is thicker than that shown in
Fig. 16 and peaks of O, Si, Cr and Mn are found on it.
Pb and Bi also exist in the oxide film. Since Mn is apt to
dissolve into liquid LBE [32], it is anticipated that a com-
plex oxide including Mn does not have sufficient protec-
tiveness and bring the penetration of Pb and Bi. This fact
is recognized for not only SX but also ferritic/martensitic
steels and 316SS. It is suggested that Mn oxidized in low
oxygen concentrations produced an oxide film with inferior
corrosion resistance in liquid LBE.
of SX after corrosion test in liquid LBE with an oxygen concentration of



Fig. 17. SEM image and line analysis of the thick film part of the cross-section of SX after corrosion test in liquid LBE with an oxygen concentration of
3 · 10�9 wt% at 550 �C for 3000 h.
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3.3. Comparison of corrosion rates of materials

Table 3 shows measured corrosion depths for 3000 h
and estimated corrosion rates per year for various steels.
Distinct multi-layer oxides are not necessarily formed at
low oxygen concentrations while they are often observed
at high oxygen concentrations [7,12,16,23,24,26]. Corro-
sion depths of 316SS for 3000 h are 80 lm at 450 �C and
350 lm at 550 �C. Corrosion depths of steels except
316SS are small at 450 �C. Corrosion depths for 3000 h
at 550 �C are above 35 lm for F82H, Mod.9Cr–1Mo steel,
JPCA, 410SS, 2.25Cr–1Mo steel, pure iron and 316SS.
Corrosion resistance of 430SS and SX is good at 550 �C.

The corrosion rate per year (365 days) is calculated from
the measured corrosion depth assuming a linear rule. The
estimated corrosion rates of various steels are shown in
Fig. 18. The following standard for material classification
Table 3
Corrosion rates of various steels in liquid LBE with low oxygen concentration

Temperature (�C) Specimen Corrosion depth
3000 h (lm)

450 F82H 5.7
Mod.9Cr–1Mo 4.0
JPCA 4.7
410SS 3.0
430SS 1.5
2.25Cr–1Mo 11
Pure iron 19
316SS 80
SX 1.1

550 F82H 35
Mod.9Cr-1Mo 50
JPCA 40
410SS 50
430SS 15
2.25Cr–1Mo 40
Pure iron 103
316SS 350
SX 25

A: corrosion rate<0.1 mm/y.
B: 0.1 mm/y 5 corrosion rate < 1 mm/y.
C: 1 mm/y 5 corrosion rate.
based on corrosion rates is employed here from the view-
points of general design and operation of plants:

A: corrosion rate < 0.1 mm/y,
B: 0.1 mm/y 5 corrosion rate < 1 mm/y,
C: 1 mm/y 5 corrosion rate.

The material classification is shown in Table 3. 316SS
with the corrosion rate of 0.23 mm/y at 450 �C is grouped
into a category B. The other materials are grouped into a
category A at 450 �C. However, it is also necessary to
investigate corrosion from the viewpoint of corrosion
configuration. The corrosion configuration of pure iron,
2.25Cr–1Mo steel and JPCA was similar to that at
550 �C although their corrosion rates were lower. At
450 �C, dissolution of Fe was recognized in pure iron and
grain boundary corrosion was observed in 2.25Cr–1Mo
s

for Corrosion rate per
year (mm/y)

Material classification
based on corrosion rate

0.02 A
0.01 A
0.01 A
0.01 A
0.004 A
0.03 A
0.06 A
0.23 B
0.003 A

0.10 B
0.15 B
0.12 B
0.15 B
0.04 A
0.12 B
0.30 B
1.02 C
0.07 A
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Fig. 18. Estimated corrosion rates per year of various steels in liquid LBE with low oxygen concentrations.
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steel. In addition, dissolution of Ni and Cr, and Pb–Bi pen-
etration were found in 316SS and JPCA at 450 �C. 316SS
with the corrosion rate of 1.02 mm/y at 550 �C is grouped
into a category C. F82H, Mod.9Cr–1Mo steel, JPCA,
410SS, 2.25Cr–1Mo steel and pure iron are grouped into
a category B at 550 �C. 430SS and SX are grouped into a
category A. According to core design of the ADS plant,
the temperature of fuel cladding tubes is likely to be higher
than 550 �C. It is expected to be much higher in case of FR
with LBE coolant. Core materials in ADS and FR with
LBE coolant are used in liquid LBE and under heavy irra-
diation. 316SS, F82H, Mod.9Cr–1Mo steel and JPCA have
comparatively many irradiation data. Under the condition
of the low oxygen concentration at 550 �C, their corrosion
rates are high.
Oxygen concentration

Fe-Cr spinel

Mn-Cr spinel

Si-Cr-O

SiO2

PbO
formation

Fe3O4
formation

Fig. 19. Schematic diagram about effectiveness of oxide films as a
corrosion barrier in liquid LBE. In the active control of oxygen in liquid
LBE [3–5], the lower and upper limits are set to the oxygen potential of
Fe3O4 formation and that of PbO formation, respectively.
3.4. Effectiveness of oxide films as a corrosion barrier in

liquid LBE

As described in 3.2.2, significant dissolution corrosion
was observed at 550 �C in pure iron where Fe3O4 was not
formed. On the other hand, a thick Fe3O4 film was formed
on the surface of pure iron in the oxygen-saturated liquid
LBE and such significant dissolution of Fe into LBE was
not observed [23]. From these two results, the formed
Fe3O4 shows resistance to dissolution attack. However, a
thin Fe3O4 film formed on the surface of pure iron under
the condition of 450 �C and 5 · 10�8 wt% oxygen failed
to prevent dissolution of Fe. These findings suggest that
corrosion resistance of the Fe3O4 film changes depending
on the condition of formation. In addition it has been
shown that an outer Fe3O4 layer formed on ferritic/mar-
tensitic steels in oxygen-saturated liquid LBE is porous
and fragile [23].

The Fe–Cr spinel oxide is formed at 450 �C and only
slight corrosion occurs in ferritic/martensitic steels except
2.25Cr–1Mo steel. In contrast with this, significant corro-
sion occurs together with the indication of formation of
Mn–Cr spinel oxide at 550 �C. In the results on 316SS
and JPCA, oxide films containing Mn are formed and
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dissolution of Ni and Cr, and Pb–Bi penetration occur at
both temperatures of 450 �C and 550 �C. An oxide includ-
ing Si and Cr is formed on SX with Si addition and more
protective.

Fig. 19 shows a schematic diagram about the effective-
ness of oxide films as a corrosion barrier in liquid LBE.
The order of oxides effective to low oxygen concentrations
as a corrosion barrier is the following: Si–Cr–O, Fe–Cr spi-
nel oxide, Fe3O4 and Mn–Cr spinel oxide. Thermodynamic
equilibrium diagram does not necessarily indicate that the
oxide formed under the condition is corrosion resistant.
It is considered that there are areas where oxides films
are ineffective as a corrosion barrier even if they are
formed. The oxide film containing Si formed in ferritic/
martensitic steels with Si addition was favored at higher
temperatures [3]. While formation of pure SiO2 on steels
may be difficult in liquid LBE, oxides containing Si would
be protective in LBE with low oxygen concentrations. Cor-
rosion behavior was studied focusing on the analysis of the
corrosion film for iron–silicon steel exposed to liquid LBE
and three different forms of silicon were found: Si metal,
silica and various silicates [27].

4. Conclusions

Corrosion tests in liquid LBE with low oxygen concen-
trations were performed in pots at 450 �C and 550 �C for
3000 h. Nine steels including pure iron were exposed to
liquid LBE with an oxygen concentration of
5 · 10�8 wt% at 450 �C and with an oxygen concentration
of 3 · 10�9 wt% at 550 �C under the condition where the
temperature of the liquid LBE surface contacting cover
gas was 25–30 �C lower than the inside temperature of
liquid LBE. The main conclusions are as follows:

(1) Significant corrosion is not observed at 450 �C for
ferritic/martensitic steels except 2.25Cr–1Mo steel.
At 550 �C, Pb–Bi penetration along grain boundaries
and dissolution of elements in steels become severe
even for ferritic/martensitic steels. In addition detach-
ment of grains occurs together with the progress of
grain boundary corrosion. Although the formation
of Mn–Cr spinel oxide is indicated at 550 �C, it fails
to prevent the above-mentioned corrosion attack.

(2) Dissolution of Fe into liquid LBE occurs for pure
iron in spite of formation of a thin Fe3O4 film at
450 �C. The Fe3O4 film formed under the condition
of the low oxygen concentration does not have suffi-
cient corrosion resistance. Severe dissolution of Fe
and hollows are recognized without a Fe3O4 film
under the condition at 550 �C.

(3) Dissolution of Ni and Cr, and Pb–Bi penetration
occur for 316SS and JPCA under the condition at
450 �C. Ferritization due to the selective element dis-
solution and Pb–Bi penetration are more severe for
316SS and JPCA at 550 �C than at 450 �C. The oxide
films formed at 450 �C and 550 �C contain Mn and
do not have sufficient corrosion resistance. Ferritiza-
tion and Pb–Bi penetration occur locally at 550 �C
for SX including 5 wt% Si although they are not
observed at 450 �C.

(4) Corrosion depths of 316SS for 3000 h are 80 lm at
450 �C and 350 lm at 550 �C. Corrosion depths of
steels except 316SS are small at 450 �C. Corrosion
depths for 3000 h at 550 �C are above 35 lm for
F82H, Mod.9Cr–1Mo steel, JPCA, 410SS, 2.25Cr–
1Mo steel, pure iron and 316SS. Corrosion resistance
of 430SS and SX is good at 550 �C.
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