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a b s t r a c t

Corrosion tests of several types materials were carried out in lead–bismuth eutectic and lead at 700 �C.
Al–Fe-coated SUS316FR, and high Cr steels SUS430, Recloy10 and NTK04L were tested in molten lead–
bismuth and Al–Fe-coated STBA26, high Cr steel STBA26, refractory metals tungsten and molybdenum
and ceramics SiC and Ti3SiC2 were tested in molten lead. Oxygen concentrations were 5 � 10�6 and
4.5 � 10�7 wt.% for the molten lead–bismuth and lead, respectively. The unbalanced magnetron sputter-
ing (UBMS) technique was adopted for the coating with targets of Al and SUS304. The results showed that
a very thin oxide layer was formed on the coating layer and protected the material from corrosion attack
lead alloys. On the other hand, penetration attack of lead alloys into the base of the high Cr steels was
observed. The refractory metals and the ceramics exhibit high corrosion resistance to high temperature
lead at 700 �C.

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

The advantages of liquid lead–bismuth (Pb–Bi) eutectic and
lead (Pb) from chemical, physical, thermal hydraulic and neutron-
ics properties have been well known as well as the corrosion prob-
lem of these alloys [1–3]. The issue of compatibility of core, proton
beam window and structural materials with the lead–bismuth eu-
tectic (LBE) and lead has to be solved in order to realize the devel-
opment of lead alloy-cooled fast reactors and accelerator driven
system. Therefore, the development of high corrosion-resistant
materials with LBE and lead environment is one of the key issues
for the development of LBE and lead nuclear systems.

Research and development of materials compatible with high
temperature LBE and lead have been performed by several
researchers [1–21]. The materials selection in these various tests
and experiments, surface-coated steels, high Cr steels, refractory
metals and ceramics, are all potential candidate materials for LBE
and lead nuclear systems.

Several researchers reported the effectiveness of surface-trea-
ted steels with various aluminum alloying techniques to protect
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steels from corrosion in LBE and lead. Aluminum alloying on sur-
faces by heating-up Al-foil wrapping [4,5], surface-melting with a
pulsed electron beam [6,7], the gas diffusion method [8], and pack
cementation [9] showed good corrosion resistance in the lead al-
loys. In the previous investigation [4–9] the temperature of LBE
and lead was below 650 �C. At a higher temperature of lead alloy,
an Al–Fe-coated steel using UBMS (unbalanced magnetron sputter-
ing technique) method was reported good corrosion resistance in
lead–bismuth at 700 �C [10]. Corrosion behavior of high chromium
steels in molten LBE and lead has been investigated. The high chro-
mium steels showed good corrosion resistance in the lead alloys
[11–17]. At a higher temperature of lead alloy investigation, FeC-
rAlY steel showed good corrosion resistance after exposed in lead
at 700 �C for more than 13,000 h [17]. Corrosion behavior of refrac-
tory metals and ceramics in molten LBE and lead has been investi-
gated. Refractory metals of tungsten and molybdenum [10,17,19],
and ceramics of SiC [10,11,19] and Ti3SiC2 [10,20,21] was reported
good corrosion resistance in the lead alloys.

As reviewed above, valuable information has been reported for
surface-treated steels, high Cr steels, refractory metals and ceram-
ics for the development of LBE and lead nuclear systems. Corrosion
investigation of these materials has been done in the LBE and lead
mainly up to 650 �C. However, investigations on corrosion behav-
ior of these materials in LBE and lead at temperature above
650 �C have been few. In the present study, corrosion behavior
was investigated for Al–Fe-coated steels using UBM sputtering
technique, high Cr steels, refractory metals and ceramics in molten
LBE and lead at a temperature of 700 �C.
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2. Experimental set-up and procedure

2.1. Experimental apparatus and procedure

A pot-type LBE and lead test apparatus was used for the corro-
sion tests as shown in Fig. 1. The detail of corrosion test apparatus
has already been described in Ref. [10]. The apparatus consists of a
corrosion test section, a steam generator, a moisture sensor, a hea-
ter section and a gas exhaust system for the gas injection, and an
oxygen sensor for measurement of oxygen potential in the LBE
and lead. The oxygen sensor was made of sintered ceramic zirco-
nia, i.e. magnesia–stabilized zirconia (MgO–ZrO2) and yttria–stabi-
lized zirconia (Y2O3–ZrO2). The internal reference in the cell of the
oxygen sensor was oxygen-saturated bismuth fluid made from ini-
tial powder mixture of 95 wt.%Bi–5 wt.%Bi2O3.

Experimental conditions are shown in Table 1. The specimens
were immersed in molten LBE and lead at 700 �C. The LBE was
45%Pb and 55%Bi eutectic and purity of the lead was 99.99%. The
LBE and lead impurities are shown in Table 2. Oxygen concentra-
tions were controlled to be 5 � 10�6 and 4.5 � 10�7 wt.% for LBE
and lead, respectively. These concentrations were determined from
the measured EMF and the Gromov’s oxygen solubility equation
[1].

After immersion of the specimens in the LBE, the specimens
were immersed in hot glycerin at 160–180 �C to remove the resid-
ual LBE, while those tested in the lead were not. The glycerin was
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Fig. 1. Schematic of corrosion test apparatus.

Table 1
Experimental conditions.

Parameter Pb–Bi Pb

Temperature (�C) 700 700
Oxy. concent. (wt.%) 5 � 10�6 4.5 � 10�7

Tested materials
Coated steel Al–Fe-sputtering coated

SUS316FR
Al–Fe-sputtering coated
STBA26

High Cr steel SUS430, Recloy10, NTK04L STBA26
Refractory metal – Mo, W
Ceramic – SiC, Ti3SiC2

Immersion time (h) 1000 500

Table 2
Impurities of LBE and lead (unit: wt.%).

Cu Ag Au Sn

LBE 1.4 � 10�3 8.8 � 10�4 2.2 � 10�4 2.2 � 10�4

Lead <10�4 <10�4 – <10�4
removed from the surfaces of the specimens using water at 70–
80 �C. Afterwards, the specimens were cut through the middle
and embedded in resin. The cross sections of the specimens were
polished with a mechanical grinder using polycrystalline diamond
grains of up to 1 lm fine polishing step. Finally, the specimen cross
sections were observed by a scanning electron microscope (SEM)
and analyzed by an energy-dispersive X-ray (EDX) analysis.
2.2. Test materials

Materials tested were Al–Fe-coated steels, high Cr steels, refrac-
tory metals and ceramics. The chemical compositions of the spec-
imens are shown in Table 3 and corrosion test condition of each
specimen is shown in Table 1. The shapes of the specimens were
rectangular with 15 � 15 � 2, 10.7 � 9.5 � 2, 10 � 5 � 2,
10 � 5 � 2.3, 15 � 10 � 1, 4.6 � 5.2 � 1.6, 6 � 9.8 � 2, 10.2 �
4.2 � 2, 9.6 � 5 � 2.3, and 10.2 � 4 � 1.3 mm in sizes, for Al–Fe-
coated SUS316FR, Al–Fe-coated STBA26, SUS430, Recloy10,
NTK04L, STBA26, tungsten, molybdenum, SiC and Ti3SiC2, respec-
tively. The high chromium steels are in generally corrosion resis-
tance in lead alloys at temperature up to 550 �C according to
previous research, and those containing Si and Al are more prom-
ising steels than the others. Tungsten, molybdenum and SiC were
supplied by the Nilaco Company. The Ti3SiC2, one of the new types
of solids with 4.5 g/cm3 in density [22], was supplied by the 3-
ONE-2 LLC. Prior to exposure, the surfaces of the high chromium
steels, the refractory metals and the ceramics specimens were pol-
ished with a mechanical grinder using polycrystalline diamond
grains of up to 1 lm fine polishing step.

Al–Fe was coated on the surface of SUS316FR and STBA26 by
physical vapor deposition (PVD) using the Unbalanced Magnetron
Sputtering (UBMS) method. The UBM sputtering method which
was adopted in this study has already been described in Ref.
[10]. Two plates of Al and SUS304 were used as the targets and
were bombarded by Ar ions with increased concentration in
non-equilibrium magnetic fields generated by the magnetic
source. Sputtered atoms from the targets deposited on the sur-
faces of steel specimens. Fig. 2a and b shows the SEM micrograph
of the cross section of the Al–Fe-coated SUS316FR and STBA26 as
received which were not immersed in lead alloys. The thicknesses
of the coating layer are about 20 and 10 lm for Al–Fe-coated
SUS316FR and STBA26, respectively. These specimens were coated
at the same time and under the same conditions with the speci-
mens that were immersed in the LBE and lead. These figures show
that the coating layer is adhered to the surface of SUS316FR and
STBA26.
3. Results

3.1. Corrosion test in lead–bismuth eutectic

Fig. 3a–h shows the SEM-EDX micrographs of the cross sections
of the tested specimens after immersion in molten lead–bismuth
for 1000 h. Fig. 3a shows the SEM micrograph of the cross section
of the Al–Fe-coated SUS316FR. The coating layer can be identified
by its darker color. It was found that the coating layer (darker col-
or) of about 20 lm in thickness still remained on the surface of the
Zn Fe As Sb Bi

6.9 � 10�4 1.8 � 10�3 – – –
<10�4 <10�4 <10�4 <10�4 <10�4



Table 3
Chemical compositions of the specimens (unit: wt.%).

Cr Mo Ni Mn Si Al C P S

High chromium steels SUS430 16.13 – – 0.20 0.63 – – – –
Recloy10 17.69 – – 0.68 0.99 0.89 0.01 0.24 0.003
NTK04L 17.84 – – 0.14 0.41 3.34 0.002 0.022 0.001
STBA26 9 1 – – 0.2 – – – –
SUS316FR 18 2 12 – – – <0.02 – –

Coated steels Targets: Al–SUS304 (18 Cr, 8 Ni, bal. Fe)

Refractory metals W 99.95 purity
Mo 99.95 purity

Ceramic SiC 98 SiC–0.2 SiO2–0.1 Si–1.2 C
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Fig. 2. (a) SEM micrograph of cross section of Al–Fe-coated SUS316FR as received. (b) SEM micrograph of cross section of Al–Fe-coated STBA26 as received.
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SUS316FR specimen with no penetration of LBE. Fig. 3b shows the
result of the EDX micrograph analysis for atomics distribution. The
O, Al, Cr, and Fe atoms were enriched on the surface layer. The peak
of oxygen atoms on the surface suggested that a very thin oxide
layer was formed on the surface of the coating layer. The formation
of the oxide layer on the surface of Al–Fe coating layer because the
present coating layer was formed by using Al and SUS304 steels
sputtering targets. The SUS304 mainly contains iron and about
18 wt.% chromium. The oxygen concentration in LBE of this exper-
iment was 5 � 10�6 wt.% which was higher than the formation
potentials of aluminum oxide, chromium oxide and iron oxide at
700 �C. Therefore, alumina oxide, chromium oxide, and iron oxide
were possibly formed during immersion in LBE. This very thin
and stable oxide layer acted as a barrier against corrosion attack
by LBE. The oxide layer protects the surface of the coating layer
from penetration by LBE and dissolution of constituent metals into
LBE.

Fig. 3c–h show the results of high chromium steels speci-
mens. The specimens were tested at the same time and under
the same conditions as the Al–Fe-coated SUS316FR specimen.
However, opposite behavior with the Al–Fe-coated SUS316FR re-
sult, the corrosion attack mechanism of LBE into the high chro-
mium steels matrix was observed as shown in Fig. 3c–h. The
figures show that lead–bismuth penetrated into the matrix of
SUS430, Recloy10, and NTK04L steels with up to 50, 150, and
55 lm in depth, respectively. There was no oxide layer formed
on the surface of the SUS430, Recloy10, and NTK04L to protect
from the penetration of LBE. Moreover, Fig. 3d, f, and h shows
that the constituent metals of the matrixes dissolved into LBE.
The results showed that high Cr steels SUS430, Recloy10, and
NTK04L are not resistant to the corrosion attack of LBE at tem-
perature of 700 �C.
3.2. Corrosion test in lead

Fig. 4a–l shows the SEM-EDX micrographs of the cross section
of the tested specimens after immersion in molten lead for 500 h.
Fig. 4a shows the SEM micrograph of the cross section of Al–Fe-
coated STBA26. It is found that the coating layer of about 10 lm
in thickness still remained on the surface of the STBA26 specimen
with no penetration of lead. Moreover, peaks of oxygen, aluminum,
and chromium are indicated on the surface of coating layer as
shown in Fig. 4b. The peak of oxygen atoms on the surface sug-
gested that a very thin oxide layer was formed on the surface of
the coating layer. The oxygen concentration in lead of this experi-
ment was 4.5 � 10�7 wt.% which was higher than the formation
potentials of aluminum oxide and chromium oxide at 700 �C.
Therefore, alumina oxide, and chromium oxide were possibly
formed during immersion in lead. The oxide layer protected the
surface of coating layer from penetration by lead and dissolution
of constituent metals into lead. Fig. 4b exhibits that no presence
of Al, Cr, Fe, and Ni peaks in the adhered lead were observed.

In order to make a comparison analysis, the STBA26 as received
was tested at the same time and under the same conditions as the
Al–Fe-coated STBA26 specimen. Opposite behavior to Al–Fe-coated
STBA26, penetration of lead into the matrix of the specimen oc-
curred as shown in Fig. 4c. The figure reveals that lead penetrated
into the matrix with up to �20 lm in depth. Moreover, no oxide
layer as a barrier was formed to protect the surface from corrosion
attack by lead. Dissolution of constituent metals from the matrix
into lead occurred as shown in Fig. 4d. The results showed that
high Cr STBA26 steel is not resistant to the corrosion attack of lead
at the temperature of 700 �C.

The results of refractory metals tungsten and molybdenum are
presented in Fig. 4e, f, g, and h, respectively. Fig. 4e reveals that
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Fig. 3. SEM-EDX micrograph of cross section of tested specimens after immersion in lead–bismuth eutectic at 700 �C for 1000 h. (a) SEM micrograph of Al–Fe-coated
SUS316FR. (b) EDX micrograph of Al–Fe-coated SUS316FR. (c) SEM micrograph of SUS430. (d) EDX micrograph of SUS430. (e) SEM micrograph of Recloy10. (f) EDX
micrograph of Recloy10. (g) SEM micrograph of NTK04L. (h) EDX micrograph of NTK04L.

A.K. Rivai, M. Takahashi / Journal of Nuclear Materials 398 (2010) 146–152 149



10.0 µm

Resin STBA26
Sputtered 

layer
Oxide 
layer

10 µm

Adhered Pb Sputtered layer

30.0 µm

Resin STBA26
Pb

Penetration Resin STBA26

STBA26

O

Si

Fe

Pb

30 µm

Cr

Pb Penetration

20.0 µm

WAdhered Pb

O

W

Pb

WAdhered Pb

20 µm

(a) (b)

(d)(c)

(e) (f)

O

Cr

Fe

Pb

Al

Ni

Fig. 4. SEM-EDX micrograph of cross section of tested specimens after immersion in lead at 700 �C for 500 h. (a) SEM micrograph of Al–Fe-coated STBA26. (b) EDX micrograph
of Al–Fe-coated STBA26 (c) SEM micrograph of STBA26. (d) EDX micrograph of STBA26. (e) SEM micrograph of tungsten. (f) EDX micrograph of tungsten. (g) SEM micrograph
of molybdenum. (h) EDX micrograph of molybdenum. (i) SEM micrograph of SiC. (j) EDX micrograph of SiC. (k) SEM micrograph of Ti3SiC2. (l) EDX micrograph of Ti3SiC2.

150 A.K. Rivai, M. Takahashi / Journal of Nuclear Materials 398 (2010) 146–152
there was no penetration of lead into the tungsten matrix. More-
over, there were neither cracks nor a friable tungsten oxide layer
on the surface of the specimen occurred. Furthermore, the result
showed that neither dissolution of tungsten from the matrix into
lead nor penetration of lead into the matrix of the specimen oc-
curred as shown in Fig. 4f. As for the molybdenum specimen,
Fig. 4g reveals that no penetration of lead into the molybdenum
matrix was observed. Moreover, the figure shows that neither
cracks nor a friable molybdenum oxide layer on the surface of
the specimen occurred. Furthermore, Fig. 4h reveals that neither
dissolution of molybdenum from the matrix into lead nor penetra-
tion of lead into the matrix of the specimen took place.

The results of ceramics SiC and Ti3SiC2 are presented in Fig. 4i–l,
respectively. Fig. 4i reveals that there was no penetration of lead into
the SiC matrix. Moreover, there were no cracks on the surface of the
specimen occurred. Furthermore, Fig. 4j reveals that neither dissolu-
tion of silicon from the matrix into lead nor penetration of lead into
the matrix of the specimen occurred. As for Ti3SiC2 specimen, Fig. 4k
shows that there was no penetration of lead into the Ti3SiC2 matrix.
Moreover, there were no cracks on the surface of the specimen oc-
curred. Furthermore, Fig. 4l reveals that neither dissolution of tita-
nium and silicon from the matrix of the specimen into lead nor
penetration of lead into the matrix of the specimen took place.

4. Discussion

Good corrosion resistance of surface treatment using Al alloy to
protect the steel surface from corrosion by LBE and lead with var-
ious treatments and techniques have been reported by several
researchers [4–10]. Surface treatment steels to protect the steels
surface from corrosion attack of LBE and lead can be done by sev-
eral techniques. However, the corrosion resistance of Al alloying
surface treat specimens in LBE and lead depends on the treatment
technique. UBM sputtering technique has been widely used for all
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manner of mechanical, electrical and optical applications to depos-
it adherent, fully dense films for pure metals and alloys [23–26].
However, investigations of the effectiveness of the UBM sputtering
technique to protect the steel from corrosion attack of LBE and lead
have been few. The present investigations showed that coating
layer still remain intact on the surface of SUS316FR and STBA26
without penetration of LBE and lead, respectively, after immersion
at 700 �C. Moreover, a very thin oxide layer was formed on the sur-
face of the coating layer. The thin oxide layer was stable at least for
1000 h in LBE at 700 �C and 500 h in lead at 700 �C, and effective to
protect the surface from corrosion attack by LBE and lead. The for-
mation and behavior of the thin oxide layer on the surface of an
aluminized steel agrees with others report [6,7,10]. Further inves-
tigation for longer time is needed to clarify the stability of the
oxide layer and the corrosion resistance of the coating layer.

Related to the results of high chromium steels, it was re-
ported that SUS430, Recloy10, NTK04L, and STBA26 specimens
exhibited good corrosion resistance with formation of multiple
oxide layers in flowing lead–bismuth at 550 �C [11–14]. How-
ever, penetration of lead–bismuth into the SUS430, Recloy10,
and NTK04L materials, and penetration of lead into the STBA26
material was found after the materials tested in LBE and lead
at 700 �C. Moreover, there was no oxide layer on the surface of
the steels to protect from corrosion attack of LBE and lead. These
results show that high Cr SUS430, Recloy10, and NTK04L not
withstand corrosion attack by LBE at 700 �C, and STBA26 not
withstand corrosion attack by lead at 700 �C. Generally, ordinary
feritic–martensitic steels are not compatible with LBE and lead at
700 �C. Therefore, advanced steels or surface-treated steels are
needed for high temperature lead alloys nuclear systems. As
for comparison with the ordinary high Cr ferritic-martensitic
steels, it is evident that the Al–Fe coating with UBM sputtering
able to protect the steels from corrosion attack by LBE and lead
at 700 �C.
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Tungsten and molybdenum are well known for their low solu-
bility in liquid lead alloys environment. High corrosion resistance
of tungsten and molybdenum in high temperature lead alloy which
was revealed in this investigation agrees with the other report [10].
Nevertheless, it was reported that in high oxygen concentration
tungsten oxide (WO3) formed and reacted with liquid lead leading
to the formation of friable Pb–W–O ternary compounds [18]. How-
ever, in the present investigation the results showed that there was
no formation of tungsten oxide layer on the surface of the tungsten
specimen because of relatively low oxygen concentration of lead in
this corrosion test. Nevertheless, because of relatively short dura-
tion of corrosion test in the present study therefore further inves-
tigation for longer time is needed to clarify formation of tungsten
oxide layer.

SiC and Ti3SiC2 showed high corrosion resistance in lead at
700 �C because of their low solubility in lead. Good corrosion result
of the SiC in lead at 700 �C agrees with the report of SiC material
tested in stagnant lead–bismuth at 700 �C [10]. However, in flow-
ing lead–bismuth at 550 �C it was reported that cracks on the sur-
face layer of SiC specimen with 25 mm in depth [11]. Recently,
investigations of a new type of ceramic, Ti3SiC2, in high tempera-
ture lead alloys have been reported [10,20,21]. One of important
advantages of these ternary carbides is that they readily machin-
able with nothing more sophisticated than a manual hack saw
[22]. Compatibility of Ti3SiC2 in high temperature lead in this
investigation agrees with the other reports [10,20,21].
5. Conclusions

The corrosion resistance of Al–Fe-coated steels using UBM sput-
tering technique, high chromium steels, refractory metals, and
ceramics has been investigated in LBE and lead at 700 �C. From
the investigation and analyses, it can be concluded that:

1. The Al–Fe coating layer using UBMS technique could remain on
the surface of SUS316FR and STBA26 without penetration of LBE
and lead, respectively. A very thin and stable oxide layer is
formed on the surface of the coating layer, and protects the sur-
face from corrosion attack of LBE and lead.

2. The high chromium steels SUS430, Recloy10, NTK04L, and
STBA26 are not compatible for high temperature lead alloys at
700 �C.
3. Refractory metals molybdenum and tungsten, and ceramics SiC
and Ti3SiC2 exhibit high corrosion resistance to high tempera-
ture liquid lead at 700 �C.
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