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In order to incorporate a procedure for the evaluation of the sodium environmental effects on core and
structural materials into the elevated temperature structural design guide lines for fast breeder reactors,
R&D on the sodium compatibility of the materials has been in progress in Japan Atomic Energy Agency.
This paper reviews corrosion behavior in the sodium of conventional austenitic and ferritic steel. Simul-
taneously, the corrosion and mechanical properties of the materials for advanced FBRs, 12Cr steel and
ODS steels are summarized, including the results of recent research.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

R&D on the sodium compatibility of core and structural materi-
als for the Japanese prototype fast breeder reactor Monju was per-
formed in the 1970s in Japan. The materials are SUS304, SUS316
(including cold-worked steel for the fuel cladding), SUS321 and
2.25Cr–1Mo steel. SUS304, SUS316 and SUS321 are equivalent to
AISI type 304SS, 316SS and 321SS, respectively. In the R&D, the ef-
fect of temperature, immersion time, dissolved oxygen and sodium
velocity on corrosion rate has been estimated. The thermal gradi-
ent mass transfer that is a typical corrosion mechanism for the
steel in the sodium loop has also been investigated. Based on the
research results, a corrosion formula for the Monju design has been
determined [1,2]. In order to quantify the effect of sodium on the
mechanical properties of the steel, tensile, creep and fatigue tests
have been performed in sodium with as-received materials and/
or in air with specimens pre-exposed to sodium. A strength reduc-
tion factor for Monju design has been given for 2.25Cr–1Mo steel,
which is the only material that shows a reduction in strength due
to sodium environmental effects [1].

Since the construction of Monju, in-sodium tests of advanced
core and structural materials being developed for Japanese demon-
stration and/or commercial fast breeder reactors (hereinafter re-
ferred to as ‘advanced FBRs’) have been in progress. The
materials are FBR grade type 316SS (316FR) [3], high Cr steel (Mod-
ified 9Cr–1Mo steel and 12Cr steel [4]) and oxide dispersion
strengthened (ODS) ferritic steel [5]. 316FR creep properties are
superior to SUS304 and SUS316 at elevated temperatures. High
Cr steel has excellent thermal properties compared with conven-
tional austenitic stainless steel, while the mechanical strength is
equivalent to the SUS304 and SUS316 steels. This is an advantage
ll rights reserved.

: +81 29 267 0579.
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due to a reduction in the amount of material required. ODS steel
has excellent resistance to swelling as well as superior mechanical
strength at elevated temperatures. This steel will be used as the
fuel cladding material for long-life fuels in advanced FBRs.

This paper first reviews the corrosion behavior of conventional
austenitic and ferritic steel in sodium, and then describes the cor-
rosion and mechanical properties of the materials for advanced
FBRs, including recent research results.

2. Corrosion behavior of conventional austenitic/ferritic steel in
sodium

It is known that sodium promotes corrosion in two ways. One is
corrosion produced by dissolution of alloy elements into sodium,
and the other is corrosion produced through a chemical reaction
with the impurities in sodium (especially, dissolved oxygen). In a
system with a thermal gradient, the former type of corrosion can
occur continuously as a function of temperature, temperature gra-
dient and the dissolution and deposition rates of alloy constituents
in the sodium loop. The latter type of corrosion can be controlled
through impurity control techniques.

Fig. 1 shows the test results for the mass transfer behavior of
austenitic steel in flowing sodium. Weight loss (i.e. corrosion) oc-
curs in the high temperature test section due to dissolution of alloy
elements into sodium, and weight gain is observed in the low tem-
perature test section by precipitation of the dissolved elements
from sodium. According to the metallurgical analysis of sodium
piping operated for 100,000 h, the main elements of the mass
transfer are chromium, manganese, nickel and silicon [6]. Mass
transfer of carbon is also an important factor from the viewpoint
of the change of mechanical properties at elevated temperatures.
In the case of mono-metallic loops made from austenitic stainless
steel, decarburization is not observed at less than 550 �C, which is
the maximum temperature of the structural materials used in
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Fig. 1. Weight change in SUS316 after corrosion test in flowing sodium.
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advanced FBRs. However, it is observed at the operating tempera-
ture of the core materials (max. 700 �C). Snyder reported decarbu-
rization on austenitic stainless steel at temperatures above 650 �C
with 0.2 ppm of dissolved carbon in sodium [7]. In the case of bi-
metallic loops such as those found in Monju’s secondary cooling
system, decarburization occurs in the ferritic steel (2.25Cr–1Mo),
the material of the steam generator tubes, and carburization is ob-
served on the austenitic stainless steel (SUS304), the main compo-
nent of the secondary cooling system. A strength reduction factor
for the Monju design is given for 2.25Cr–1Mo steel, the only mate-
rial that shows strength reduction due to decarburization. Degra-
dation of strength and creep ductility due to carburization is not
observed in austenitic stainless steel.

Important factors associated with the environmental sodium ef-
fect in steel are (1) immersion time, (2) temperature, (3) dissolved
oxygen, (4) sodium velocity and (5) alloy composition. Knowledge
about the factors gained from R&D results is summarized as
follows:

2.1. Immersion time

The corrosion behavior of austenitic stainless steel in sodium
can be divided into two categories: start-up corrosion and steady
state corrosion. Start-up corrosion is the result of the selective sur-
face dissolution of elements such as nickel, chromium and manga-
nese into sodium, with metal loss showing a parabolic rate as
exposure time increases. Then, the corrosion behavior changes to
a lower, approximately constant steady state rate whose mecha-
nism is predominantly general corrosion. The relationship between
the corrosion rate and immersion time of austenitic stainless steel
is shown in Fig. 2 [8].
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2.2. Temperature

In a liquid metal system, corrosion is a function of the rate of
dissolution or the rate of deposition. The rate of dissolution (CR)
is given by the following equation.

CR ¼ kðCs � CiÞ;

where k: solution rate constant, Cs: solubility limit in sodium, Ci: ac-
tual concentration in sodium.

k can be diffusion controlled, in which case CR respond to an
Arrhenius-like function. Fig. 3 shows the temperature dependence
on the corrosion rate of austenitic stainless steel. The steel corro-
sion rate obtained by the JAEA is within the data band obtained
by other researchers [9–14].
2.3. Dissolved oxygen

Because the process is dependent on the chemical reaction with
dissolved oxygen in sodium, the effect of dissolved oxygen in so-
dium on steel corrosion is given by the following equation:

CR a ðO2Þn

where CR: corrosion rate, O2: oxygen concentration in sodium, n:
constant.

Fig. 4 shows the relationship between the dissolved oxygen and
corrosion rate of austenitic stainless steel. The constant n, esti-
mated by the JAEA is approximately 0.8, and it is equivalent to
the values reported by other researchers [8].

2.4. Sodium velocity

The corrosion rate in sodium increases as sodium velocity in-
creases. However, it is reported that the increase ends when the
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Fig. 3. Relationship between corrosion rate and test temperature.
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Fig. 4. Relationship between corrosion rate and dissolved oxygen.

Fig. 6. Corrosion rate of various austenitic stainless steels in sodium.

T. Furukawa et al. / Journal of Nuclear Materials 392 (2009) 249–254 251
velocity reaches a certain limit. According to Thorley et al., Roy and
Kolster, the limit is described as 3.8 m/s, 6–7 m/s and 3 m/s,
respectively [9,10,15]. It is believed that the limit is a function of
the oxygen concentration in sodium and/or the structure of the
section in sodium.

2.5. Alloy elements

The effect of the alloy elements on corrosion rate is examined
because long-term corrosion occurs as a result of thermal gradient
mass transfer. The effect of the chromium and nickel contents of
steel is particularly significant. As an example, the effect of the
Fig. 5. Effect of Ni content in alloy on corrosion rate in sodium.
nickel content of stainless steel on the corrosion rate is shown in
Fig. 5 [15]. However, the dependence of the corrosion rate on alloy
elements is seldom observed in austenitic steel such as SUS304,
SUS316 and SUS321 due to the fact that the difference of chemical
composition is slight (Fig. 6) [15].

2.6. Corrosion formula

Based on the foregoing, the corrosion formula for Monju struc-
ture has been determined as follows [1]:

log10R ¼ 0:85þ 1:5log10Co� 3:9� 103=ðT þ 273Þ

where R: corrosion rate, mm/year, Co: oxygen concentration, mass
ppm (5 6 Co 6 25), T: temperature, �C (400 6 T 6 650), materials:
SUS304, SUS316, SUS321 and 2.25Cr–1Mo.

In the case of operation at conditions lower than the application
range given above, the corrosion rate has to be estimated using the
minimum value of the application range.

The corrosion behavior of ferritic steel, 2.25Cr–1Mo steel is dif-
ferent from austenitic steels. However, one corrosion formula has
been applied to all high temperature structural materials (austen-
itic steels and 2.25Cr–1Mo steel) for Monju.

2.7. Mechanical strength in sodium

To quantify the effect of sodium on the mechanical strength of
the austenitic / ferritic steel, tensile, creep and fatigue tests in so-
dium were performed. For austenitic stainless steels, a number of
studies have shown that the creep rupture properties can be af-
fected by carburization/decarburization in sodium. However, it
was concluded the effect on the mechanical strength was negligi-
ble based on the evaluation of the carburization of the stainless
steels in the end of reactor operation (approximately 210,000 h,
30 years) [16,17].

On the other hand, 2.25Cr–1Mo steel showed a slight strength
reduction due to the decarburization (Fig. 7). Based on the results,
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a strength reduction factor for Monju design is given for 2.25Cr–
1Mo steel only [1].

3. Corrosion and mechanical strength of advanced core and
structural materials in sodium

The sodium environmental effect of 316FR and Mod.9Cr–1Mo
steel is reported in [18]. The section below describes the sodium
environmental effect on other advanced steels, 12Cr steel and
ODS steel.

3.1. 12Cr steel

The 12Cr steels, which have mechanical strength superior to
Mod.9Cr–1Mo steel and conventional austenitic / ferritic steels at
elevated temperatures, has been developed as a structural material
for advanced FBRs. The basis of this steel is SUS410J3, developed
for thermal power plants. The chemical composition of the tested
steel is shown in Table 1.

A corrosion test of this steel in flowing sodium containing
1 ppm dissolved oxygen has been performed at 550 �C for up to
6,000 h. The corrosion behavior was the same as that of conven-
tional austenitic/ferritic steel, and general corrosion was observed
on the surface. No local corrosion, such as intergranular penetra-
tion, was observed. The corrosion rate at 550 �C was a maximum
of 4 � 10�4 mm/year, which is within the band of corrosion data
for conventional SUS304 and Mod.9Cr–1Mo steel (Fig. 8).

To quantify the effect of sodium on the mechanical strength of
the steel, creep and fatigue tests in sodium were performed. Creep
tests were performed at 550 �C in stagnant sodium containing
1 ppm oxygen. The test results are shown in Fig. 9. The creep
strength in sodium was equivalent to that in air. In this evaluation,
creep tests in carbonized sodium were also performed and no so-
dium environmental effect was observed. Fatigue and creep fatigue
tests were carried out at 550 �C in flowing sodium and/or in stag-
nant carbonized sodium. The test results are shown in Fig. 10. The
fatigue life in sodium was longer than that in air due to the preven-
tion of oxidation. The creep fatigue strength in both flowing so-
dium and in stagnant carbonized sodium was equivalent to that
in air. These results were the same as that of Mod.9Cr–1Mo and
conventional austenitic steels which obtained long-term experi-
mental data [19].
Table 1
Chemical composition in mass% of 12Cr steel used for tests in sodium (balance is Fe).

C Si Mn P S Cu Ni W

0.11 0.26 0.64 0.016 0.002 1.03 0.39 1.86

Normalizing: 1050 �C�1.05 h (AC), tempering: 718 �C � 1.05 h (AC).
From the results of the above-reported tests, it was estimated
that the effect of sodium on the mechanical strength of 12Cr steel
was negligible.

3.2. ODS steel

JAEA has been developing ODS steels as candidate fuel cladding
for advanced FBRs since the 1980s. The chemical composition of
the candidate steels is fundamentally 9Cr (or 12Cr)–2W–0.2Ti–
Cr Mo V Nb Sol. Al N B

10.87 0.31 0.2 0.054 0.001 0.064 34 (ppm)
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Table 2
Chemical composition in mass% of various ODS steels tested in sodium (balance is Fe).

C Si Mn Ni Cr W Ti Y2O3

63DSA 0.02 0.03 0.02 0.12 12.8 2.75 0.74 0.46
F11 0.02 0.05 0.046 0.03 11.95 2.01 0.3 0.24
M11 0.13 0.05 0.044 0.02 9.01 1.95 0.21 0.36
Mm14 0.13 0.0085 <0.01 <0.01 8.835 1.97 0.2 0.35

Estimated from yittrium concentration assuming it is contained in the form of Y2O3.

Fig. 12. Influence of Ni diffusion on tensile properties.
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0.3Y2O3. To date, corrosion tests under two sets of sodium velocity
conditions (4.5–5.1 m/s and <0.001 m/s) at temperatures from 600
to 700 �C were performed for the various ODS steels, shown in Ta-
ble 2. Weight gain caused largely by nickel activity gradient mass
transfer from the corrosion test loop structural materials (austen-
itic stainless steels) via sodium was observed on the materials. This
behavior appeared in particular under the high sodium velocity
condition and at temperatures above 675 �C [20].

Fig. 11 shows recent results of internal pressure creep tests on
cladding tubes in low velocity sodium. The strength in sodium
was equivalent to that in inert gas, and no sodium environmental
effect was observed. This suggested that the sodium environmental
effect could be ignored under low velocity sodium conditions.
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However, as the fuel cladding tubes are used under high velocity
sodium conditions, it is necessary to consider the effect of micro-
structural changes associated with nickel mass transfer as ob-
served under high sodium velocity conditions. In order to
estimate the effect of nickel diffusion into the ODS steels, tensile
tests were performed on artificial nickel-diffused test specimens.
The relationship between ultimate tensile strength (UTS) and
depth of nickel diffusion are shown in Fig. 12 [20]. The UTS values
of nickel-diffused specimens were equivalent to those of speci-
mens that were only thermally aged. It was speculated that the
strength of the surface-degraded layer produced by nickel diffusion
was probably maintained by the fine Y2O3 particles in the steel. It
was concluded, in other words, that the effect of nickel diffusion on
mechanical strength (tensile strength) was also negligible.

4. Conclusions

The sodium environmental effect on the structural materials
used for Monju was reviewed. The important factors associated
with the environmental effect on the materials are immersion
time, temperature, dissolved oxygen, sodium velocity and alloy
composition. Based on the knowledge about the factors gained
from R&D results, one corrosion formula has been applied to all
high temperature structural materials (austenitic steels and
2.25Cr–1Mo steel) for Monju, although the corrosion behavior of
ferritic steel, 2.25Cr–1Mo steel is different from austenitic steels.
A strength reduction factor for Monju design was given for
2.25Cr–1Mo steel.

The effect of sodium on corrosion and the mechanical proper-
ties of the candidate core and structural materials for the Japanese
advanced fast breeder reactor, 12Cr steel and ODS steel, were sum-
marized with inclusion of the most recent test results. The corro-
sion behavior of 12Cr steel was the same as that of conventional
austenitic/ferritic steel, and no effect of sodium on the mechanical
strength was observed. On the other hand, weight gain caused lar-
gely by nickel activity gradient mass transfer from the corrosion
test loop structural materials via sodium was observed on ODS
steel under the high sodium velocity condition and at tempera-
tures above 675 �C. However, there was no observed tensile
strength reduction of nickel-diffused specimens. It was concluded
that the strength of the surface-degraded layer produced by nickel
diffusion was probably maintained by the fine Y2O3 particles in the
steel.
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