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ABSTRACT
The corrosion behaviour of FeCrAl-ODS steels for the accident tolerant fuel
cladding of LWRs were investigated in nitric acid solutions for the reprocessing
process of spent fuels. The corrosion tests were carried out at 60°C, 80°C and the
boiling point of the solutions, and the specimens were then analysed by XPS. The
corrosion remarkably progressed at the boiling point, and the highest corrosion rate
was 0.22 mm/y. In the oxide film, the atomic concentration of Fe was lower, than
that in the base material, and those of Cr and Al were higher. The results show that
the corrosion of FeCrAl-ODS steels in hot nitric acid solution is not severe because
of the high corrosion resistance of the oxide film formed on the material; hence, it
was estimated that the corrosion resistance of the new cladding materials in the
dissolution process of spent fuel is acceptable for reprocessing operations.

1.

Introduction

A FeCrAl-oxide dispersion strengthened (ODS) steel has been developed for the accident
tolerant fuel cladding of light water reactors (LWRs) in Japanese projects. Spent fuels are
reprocessed in Japan, namely spent fuel pins are chopped and immersed in hot nitric acid
solutions to leach out the fuel components. The components of claddings dissolved in the
nitric acid solution may affect the separation process, which is contiguous with the
dissolution process, part of them is then treated as high-level radioactive liquid waste [1],
and the insoluble constituents are treated as low-level radioactive solid waste. The
behaviour of a FeCrAl-ODS steel in the dissolution process should be evaluated to
investigate the influence of the fuel cladding corrosion on the reprocessing process.
The corrosion behaviour of ODS steel with chromium in nitric acid solutions has been
evaluated [2], but that of ODS steel with chromium and aluminium is almost unknown [3, 4].
The reaction of a FeCrAl-ODS cladding in a dissolver is unclear, so its corrosion behaviour
has been investigated at the Rokkasho Reprocessing Plant (RRP, Japan Nuclear Fuel Ltd.).
The dissolver was designed to be mainly used with 3 mol/dm3 nitric acid solutions and at
the boiling point (approximately 110°C) [1], and the residence time of chopped spent fuel
pins was about 2.7 h [5]. In this paper, the corrosion rates of the FeCrAl-ODS steel in nitric
acid solutions were evaluated at several temperatures considering the dissolution condition
of the RRP.

2.
2.1

Experimental
Material

The FeCrAl-ODS steel utilized for experiments was ferrite steel before recrystalisation, with

the chemical composition shown in Tab 1, as obtained by electron-induced X-ray
fluorescence (EDX) analysis. Fig 1 shows the typical microstructure of the FeCrAl-ODS
steels obtained by electron backscattering diffraction (EBSD) mapping with a field emission
scanning electron microscope (FE-SEM, DigiviewIV, TSL solutions, Inc.). The grain size
varied from <1 to 20 μm, and a strong anisotropy was observed.

Fe
76

Cr
12

Al
11

Ti
<1

Zr
<1

Tab 1: Chemical composition of the FeCrAl-ODS steel (at %).
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Fig 1. EBSD image of the microstructure of the FeCrAl-ODS steel for the α-Fe phase; a)
inverse pole figure (IPF) map and b) colour legend for the grain orientation of α-Fe phase in
a).

2.2

Method

The immersion tests were carried out for 48 and 96 h in 3.0 mol/dm3 nitric acid solution at
60°C, 80°C and the boiling point for estimating the steady corrosion rate and investigating
the temperature dependence. Specimens with a total surface area of about 2.8 cm2 were
cut from the base material and mechanically polished with 600 grit silicon carbide paper for
these tests. Three specimens were immersed in 500 cm3 of solution, as shown in Fig 2 a).
Before and after immersion tests, specimens were ultrasonically cleaned by distilled water.
And then they were dried in air after cleaning by ethyl alcohol. Their mass loss were
measured, and the corrosion rate were calculated, as follows:
Corrosion rate (mm/y) = ∆M / (t × S × d), Eq 1.
where ∆M, t, S and d are the mass loss (g), immersion time (y), surface area of a specimen
(mm2) and density of FeCrAl-ODS steels (g/mm3), respectively. The density of the base
material was 7.1 g/cm3. The mass loss of each specimen was measured after 3, 6, 9, 24,
48, 72 and 96 h of immersion, and their surfaces were observed at the laser microscope
(LEXT OLS4000-SAF, Olympus Co.). The immersion test at the boiling point was carried
out for a longer time because of considering the corrosion form. After the immersion tests,
some specimens were analysed by X-ray photoelectron spectroscopy (XPS) with an
ESCA5600Ci (ULVAC-PHI, Inc.) to measure the thickness and chemical composition of the
oxide film. The XPS spectra were recorded with Mg-Kα radiation (hv = 1253.6 eV) at a
pressure under 2 × 10−8 Pa. XPS depth profiles were measured using an argon gun.
Electrochemical tests consisting of the linear voltammetry test were conducted on Fig 2 b)
to obtain the polarisation curves for the discussion of the corrosion mechanism. The counter
and reference electrodes were Pt plate and Ag/AgCl electrode, respectively. Initially, the

specimen with a surface area of approximately 7.0 cm2 was immersed in 400 cm3 of 3.0
mol/dm3 nitric acid solution at the same temperatures as those for the immersion tests, and
the measurement of the immersion potential was started. After 30 min, the potential was
swept from the value that was 600 mV lower than the immersion potential, with a potential
sweep rate of 20 mV/min.

Fig 2. Schematic tests apparatus; a) the immersion tests and b) electrochemical tests.

3.
3.1

Results and Discussion
Temperature dependence of corrosion behaviour

Fig 3 shows the corrosion rates in the nitric acid solution at different temperatures. At 60°C,
after 3 h of immersion, the corrosion rate was higher than that for any other immersion time
because the mass loss of the specimens was not confirmed after 9 – 48 h. Hence, the
main reaction of the FeCrAl-ODS steel with nitric acid is initial dissolution at 60°C. The
corrosion rates at the boiling point were higher than those at 60°C and 80°C, and it
decreased down about 0.22 mm/y with the immersion time. The corrosion rate of 12CrODS steel in 3.5 mol/dm3 nitric acid solution at 95°C is over 10 mm/y after 30 min of
immersion[2]; hence, a better corrosion resistance to nitric acid by FeCrAl-ODS steels was
already expected. The larger error bar for the corrosion rate after 3 h of immersion shows
that the oxide film is still forming at that time. The changes in the specimen surfaces are
shown by laser micrographs in Fig 4. The surface roughness was evaluated by arithmetical
mean height of the surface (Sa) obtained by scanning data with the laser microscope. Sa
values on Fig 4 were calculated the average of 9 and 3 specimens on as received and
each immersing condition. After 3 h of immersion, no clear sign of corrosion is observed at
any temperatures. Changes in the surface colour are more remarkable at 80°C than at
60°C after 24 h of immersion; therefore, the increase in temperature affects the surface
reaction on the FeCrAl-ODS steel. Intergranular corrosion can be argued by the
micrographs for the immersion test at the boiling point. The grain size of the base material
was <20 μm, but that in the intergranular corrosion was >100 μm. The specimen in which
the corrosion progressed should be carefully observed to understand this disagreement.
Fig 5 shows the polarisation curves of the FeCrAl-ODS steel at different temperatures. The
corrosion potentials were 0.54, 0.44 and 0.43 V at 60°C, 80°C and the boiling point,
respectively. The corrosion potential remained in the passive region under every condition;
hence, the FeCrAl-ODS steel has good corrosion resistance in 3 mol/dm3 nitric acid
solution at the tested temperatures. The increase in temperature increased the cathodic
potential and slightly enhanced the passive current.

Fig 3. Corrosion rates of the FeCrAl-ODS steel in 3 mol/dm3 nitric acid solution at different
temperatures.

Fig 4. Laser micrographs of the specimen surfaces before and after immersion in 3
mol/dm3 nitric acid solution.

Fig 5. Polarisation curves of the FeCrAl-ODS steel in 3 mol/dm3 nitric acid solution at
different temperatures.

3.2

Oxide film composition

Fig 6 shows the thickness of the oxide film on the specimen before and after the immersion
tests. The thickness was derived by the atomic concentration of oxygen measured by XPS
depth profiling; the interface between the oxide film and the substrate was identified as the
depth at which the atomic concentration of O was half of that at the top surface. After 48 h
of immersion at 60°C, the thickness of the oxide film remained almost unchanged. The
oxide film on the specimen became thicker in the immersion tests at other temperatures;
specifically, the thickness became higher at 80°C than at the boiling point. Because the
corrosion rates were steady at the end of the immersion tests, the thickness of the oxide
film was also in a steady state.

Fig 6. Thickness of the oxide film before and after the immersion tests in 3 mol/dm3 nitric
acid solution at different temperatures.

The chemical compositions of the oxide films before and after the immersion tests are
shown in Fig 7, where 100% (atomic concentration) = Fe + Cr + Al. The atomic
concentration was computed by integration of the peaks of Fe, Cr and Al, which
corresponded to 700– 740 eV, 567– 607 eV and 68– 88 eV, respectively. The atomic
concentration of Fe in the oxide film decreased after 48 h of immersion at 60°C, and that of
Cr increased. The influence of nitric acid was very small within 48 h according to the
variation of the corrosion rate and laser micrograph of the specimen surfaces, but its
reaction with the FeCrAl-ODS steel was confirmed by XPS depth profiling. At 80°C and the
boiling point, the atomic concentration of Fe decreased from bulk to surface, and those of
Cr and Al increased, especially near the surface. This indicates that the Fe contained in the
oxide film dissolves more than Cr and Al in 3 mol/dm3 nitric acid solution.
The dissolution process in the 3 mol/dm3 nitric acid solution on the reprocessing process at
RRP for FeCrAl-ODS steels will be secure until 80°C, because of the low corrosion rate and
the thick oxide film.

Fig 7. Depth profile of the atomic concentrations of Fe, Cr and Al in the specimen before
and after immersion tests; a) as received, b) after 48 h at 60°C, c) after 48 h at 80°C and d)
after 96 h at the boiling point.
* The depth of the oxide layer is represented by the dashed lines.
** The 100% atomic concentration is the sum of Fe, Cr and Al ratios.

Fig 8 shows the XPS depth profile of Fe2p3/2, Cr2p3/2 and Al2p in the specimen immersed
at the boiling point for 96 h. In the Fe2p3/2 spectra, the intensity of the identifying peak at
707.0 eV [6] decreases from bulk to surface, and no peaks corresponding to iron oxides are
observed. Hence, Fe dissolves in 3 mol/dm3 nitric acid solution without passing through
oxide. The peak at 577.4 eV at the top surface of the specimen is identified as chromium
hydroxide, and that at 574.3 eV in the bulk represents chromium metal [6]. The peaks of
Cr2p3/2 shifts from hydroxide to metal according to the increase of sputter depth. In the
Al2p spectra, the peak corresponding to the metal (72.6 eV) is not visible, but that of oxide
is observed at 74.6eV [6]. The intensity of the peak of aluminium oxide decreases from the
surface to the bulk. Chromium oxide is present within 111Å from the surface of the
specimen, and aluminium oxide arrives until the deepest layer. Hence, the chemical binding
condition of Al is more strongly affected by the 3 mol/dm3 nitric acid solution than that of Cr.
The binding energy between Al and O is higher than that between Cr and O at 25°C [7];
thus, Al forms bonds with O more deeply in the specimen than Cr when the FeCrAl-ODS
steel is immersed at the boiling point.
The results show that the corrosion of FeCrAl-ODS steels in hot nitric acid solution is not
severe because of the high corrosion resistance of the oxide film formed on the material;
hence, the corrosion resistance of the new cladding materials in the dissolution process of
spent fuel would be acceptable for reprocessing operations.

Fig 8. XPS depth profiles of the specimen after 96 h of immersion in 3 mol/dm3 nitric acid
solution at the boiling temperature for the bond energies corresponding to a) Fe2p3/2, b)
Cr2p3/2 and c) Al2p.

4.

Conclusion

The corrosion mechanism of the FeCrAl-ODS steel was evaluated in nitric acid solution to
investigate the influence of the corrosion behaviour of fuel cladding in a dissolver for the
reprocessing process of spent fuels. The corrosion tests were carried out in 3 mol/dm3 nitric
acid solution at 60°C, 80°C and the boiling point. The corrosion rate of the FeCrAl-ODS
steel increased with temperature up to 0.22 mm/y at the boiling point. Thickness of oxide
film was in order of 60°C < the boiling point < 80°C. And chemical composition of the oxide

film was different from the bulk one. Fe was selectively dissolved in the nitric acid solution,
and Cr and Al remained in the oxide film as oxides. The dissolution process in the 3
mol/dm3 nitric acid solution on the dissolver at RRP will be secure until 80°C, because of
the low corrosion rate and the thick oxide film. The results indicated that the FeCrAl-ODS
steel corrosion in hot nitric acid solution was not severe because of the formation of an
oxide film with high corrosion resistance; hence, the corrosion resistance of new cladding
materials in the dissolution process of spent fuel is acceptable for reprocessing operations.
The effects of some factors, such as concentration of nitric acid, coexisting ions and
irradiation, on corrosion the behavior of FeCrAl-ODS steel will be suspected, therefore
these effects are being evaluated.
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