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Abstract

The behaviour of protective oxide layers on P122 steel and its welds and of ODS steel in liquid Pb44.5Bi55.5 (LBE) is
examined under conditions of changing temperatures and oxygen concentrations. P122 (12Cr) and its welded joints are
exposed to LBE at 550 �C for 4000 h with oxygen concentrations of 10�6 and 10�8 wt% (p(O2) = 8.1 · 10�23 bar and
5.2 · 10�27 bar) which change every 800 h. It is found that like in case of constant oxygen concentration of 10�6 wt% a
protective spinel layer (Fe(Fe1�xCrx)2O4) was maintained on P122 and also on its welded joint. Two experiments with
exposure times of 4800 h are conducted on ODS steel, both with temperatures changing from 550 to 650 �C and back every
800 h, one experiment with 10�6 the other with 10�8 wt% oxygen in LBE. Both experiments show strong local dissolution
attack after 4800 h which is in agreement with the behaviour of ODS in LBE at a constant temperature of 650 �C. How-
ever, dissolution attack is less in LBE with 10�8 wt% oxygen (p(O2) = 3.0 · 10�25 bar).
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Pb44.5Bi55.5 – lead bismuth eutectic (LBE) – is a
candidate material for the coolant of a fast breeder
reactor (FBR). One of the main problems in the
development of such a system is the compatibility
of the steels with LBE.
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In 1998 experiments were reported in which
oxide scales formed on the surface of austenitic
steels protected the steel from dissolution attack
by flowing LBE [1]. For stabilization of these
oxide scales a controlled concentration of dissolved
oxygen in LBE has to be maintained. The concen-
tration applied in the experiments was 10�6 wt%.
Recent work on corrosion of austenitic and mar-
tensitic steels gives an overview on the corrosion
effects and processes and its prevention in stagnant
and flowing Pb and LBE [2–11]. However, few data
only were presented on the reactions taking place
in LBE with different oxygen concentrations and
.
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Table 1
Composition of ODS steel and of P122 steel and its solder (in
wt%)

Element ODSa P122 Solder

C 0.13 0.11 0.09
Si <0.005 0.27 0.3
Mn <0.01 0.64 0.52
P 0.001 0.016 0.005
S 0.003 0.002 0.002
Ni 0.01 0.33 1.04
Cu – 1.0 1.51
Cr 8.85 10.54 10.5
W 1.94 1.76 1.43
Ti 0.2 – –
Mo – 0.34 0.26
Y 0.27 – –
O 0.17 – –
Nb + Ta – 0.048 0.05
N 0.011 0.071 0.0424
V – 0.19 0.2
Ar 0.005 – –

a Heat treatment: 1050 �C – 1 h (AC); 800 �C – 1 h (AC).
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also at temperatures above 550 �C. Experiments
with ODS exposed for 5000 h to stagnant LBE
with 10�4 and 10�8 wt% oxygen showed no dissolu-
tion attack up to 650 �C while at 10�6 wt% attack
was observed [12]. Tests with aluminized coatings
on 316L and T91 steels in LBE with oxygen con-
centrations <10�8 wt% showed satisfying protec-
tion of the steel only up to 500 �C but severe
dissolution attack at 600 �C already after 1000 h
[13].

The work reported so far deals with the steel
attack observed at different constant temperatures
and oxygen concentrations. It is, however, important
to know the behaviour of steels under conditions of
changing temperatures and oxygen concentrations
which can be expected during the course of reactor
operation. The present paper describes the effect of
temperature variations at different constant oxygen
concentrations in LBE for ODS steel. The influence
of changing oxygen concentration, which can happen
due to loss of oxygen situations, is examined on P122
steel and also on welded joints of this material. Both
steels are candidate materials for the fuel cladding of
a LBE-cooled FBR.

2. Experimental

2.1. Materials

The compositions of ODS steel and of P122 steel
and its solder used in the experiments are given in
Table 1. The specimens are plates of 28 · 8 ·
2 mm3 dimension.

The welded joints of two pieces of P122 are made
using the TIG process applying a solder the compo-
sition of which is very similar to that of P122. Fig. 1
shows the cross-section of the joint and the struc-
tures that appear in and around the weld. The weld
exhibits a coarse-grained structure. It is separated
from the bulk of the joint steel by a heat-affected
fine grained zone of 1.2 cm thickness. No significant
variation of the composition is found for the differ-
ent zones.

2.2. Control of oxygen concentration in LBE

The experiments are conducted in the COSTA
device [2] in which the specimens are exposed to
stagnant LBE under conditions of temperature
and oxygen concentration fluctuations, respectively.
The control of oxygen concentrations is obtained in
this device via the gas phase by establishing the cor-
responding oxygen partial pressure via the H2/H2O
ratio in the gas flowing through the furnace tubes
[2]. Variation of oxygen concentration is attained
by changing the H2/H2O ratio in the flowing gas
every 800 h. Temperature variations are realized
by changing the heating power of the furnace also
every 800 h.

The influence of changes in the LBE temperature
and of the oxygen potential in the gas phase on the
oxygen concentration in LBE can be revealed by
looking at the Ellingham diagram [14] in Fig. 2,
which contains the lines of constant oxygen concen-
trations in LBE and Pb based on measurements for
Pb [15] and LBE [16] and also those obtained from
our calculations for LBE [14].

H2/H2O equilibrium ratios are represented by
dashed thin lines ascending with temperature and
oxygen concentrations in LBE and Pb by solid
and dashed thick lines descending with temperature.
We refer in our considerations to the solid concen-
tration lines which correspond to our calculations
[14] for LBE. The points on the lines mark the con-
ditions of the experiments described in the following
sections.

The diagram shows that the oxygen concentra-
tion in LBE decreases when the temperature is
reduced at constant H2/H2O ratio. Oxygen is
removed from LBE by equilibration of the oxygen
dissolved in LBE with the H2/H2O ratio in the gas
phase. The oxygen concentration in LBE decreases



Fig. 1. Scheme of the welded joins and structures of the zones that appear.

Fig. 2. Ellingham diagram with lines of constant oxygen
concentrations in LBE and Pb [14] according to data from
Risold [15] for Pb and from measurements by Gromov, Orlov,
et al. [16] and our calculations [14] for LBE.
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also by the same process when the H2/H2O ratio
increases at constant temperature.
The lowest oxide formation line in this diagram is
that for the enthalpy of formation of wustite (FeO)
and below 570 �C that of magnetite (Fe3O4) [17].
Above this line a magnetite and wustite scale
develop on the surface by diffusion of iron into this
scale and subsequent oxidation [18]. Below the
Fe3O4/FeO line magnetite and wustite are not stable
any more. However, in Fe–Cr steels with more
than 3 wt% a Cr spinel of type Fe(Fe1�xCrx)2O4

develops below the surface by diffusion of oxygen
[2,11]. Below the line where dissociation of Fe3O4

into FeO + O2 starts spinel formation is observed
without FeO formation when the Cr content
exceeds 8 wt% [19] like in the materials described
in this paper. With the help of tracer diffusion
measurements it is shown by Töpfer et al. [20]
that the Fe ion diffusion coefficient decreases
by up to two orders of magnitude with increasing
Cr content in the spinel for low oxygen activities
in which the diffusion is governed by cation
interstitials.

2.3. Temperature variations

Temperature variations are obtained in the sys-
tem ODS–LBE by changing the temperature from
550 to 650 �C and back after periods of 800 h up
to an exposure time of 4800 h as shown in Fig. 3.
Because of the thermal capacity of the furnace the
change in temperature is not abrupt. The step from
550 to 650 �C takes 25 min, the step back 100 min.
The oxygen concentration was kept constant at



Fig. 3. Temperature as a function of time for ODS in LBE.

Table 2
Oxygen concentrations in LBE and corresponding H2/H2O ratios
and oxygen partial pressures in the gas phase at different
temperatures

cO (wt%) 550 �C 650 �C

H2/H2O p(O2) (bar) H2/H2O p(O2) (bar)

10�6 1.6 · 10�2 8.1 · 10�23 1.09 · 10�1 3.9 · 10�21

10�8 1.84 5.20 · 10�27 12.25 3.0 · 10�25
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10�6 and 10�8 wt%, respectively, by changing the
H2/H2O ratio in the gas phase according to Table 2.

A critical situation occurs by increasing the tem-
perature to 650 �C along the line of constant oxygen
concentration of 10�8 wt%, because Fe3O4 is not
stable any more after this step, see Fig. 2.

2.4. Oxygen concentration variations

Variations of oxygen concentration in LBE are
simulated by changing the concentration from
10�6 to 10�8 wt% and back after periods of 800 h
up to an exposure time of 4000 h (Fig. 4). In parallel
to the variations experiment specimens were
exposed at constant oxygen concentration of
10�6 wt% for comparison. The temperatures in the
experiments are kept constant at 550 �C. Fig. 2
shows how the different oxygen concentrations in
LBE are obtained. It needs a change of the H2/
H2O ratio by about two orders of magnitude to
switch from 10�6 to 10�8 wt% oxygen and back.
The values of oxygen concentrations in LBE and
the equilibrium H2/H2O ratios and oxygen partial
Fig. 4. Oxygen concentration in LBE as a function of time for
P122 and its welded joints.
pressures in the gas phase at 550 �C can be obtained
from Table 2.

2.5. Evaluation

The specimens taken out of the COSTA device
after the experiments are cut using a diamond disk
saw perpendicular to the exposed surface and are
grinded and polished for metallographic examina-
tions. Light optical (LOM) and scanning electron
(SEM) microscopy (S-800, Hitachi) are employed
for observation of the microstructure of the material
and the oxide scale. The identification of the phases
is supported by energy dispersive X-ray analysis
(EDX, WINEDS Thomson Scientific).
3. Results

3.1. Temperature variation between 550 and

650 �C, ODS steel

3.1.1. 10�6 wt% Oxygen in LBE

The oxide layer on the specimen after 2400 h
constitutes of spinel, clearly indicated by the exis-
tence of Cr in the layer as shown in the concentra-
tion profile, see Fig. 5. No magnetite is found on
the top of it. Small quantities of spalled-off magne-
tite are found floating on the PbBi surface in the
crucible.

The formed spinel layer is rather porous with
inclusions of PbBi but protects the whole surface.
Bigger pores are located mainly near the interface
between spinel layer and bulk material. The highest
Cr concentration is measured near the interface.
The Cr concentration ranges between 11 and
30 wt% and increases in direction to the interface
(see Fig. 5(b)). A diffusion zone (internal oxidation)
is not visible. The oxide scale does not spall off
during the temperature variations up to 2400 h.

After 4800 h severe localized dissolution attack is
observed at few places where the spinel scale spalled
off. The dissolution attack concerns two spots on
one of the two specimens examined after 2400 h
and one area on one of the two specimens exposed
for 4800 h, see Fig. 6.
3.1.2. 10�8 wt% Oxygen in LBE

ODS specimens exposed to LBE with 10�8 wt%
of oxygen for 2400 h show now visible oxide scale.
It is not clear from Fig. 7 whether a very thin oxide
layer prevents the specimen. The holes below the



Fig. 5. SEM of ODS surface cross-section after exposure to LBE with 10�6 wt% oxygen for 2400 h at temperatures changing from 550 to
650 �C and back every 800 h (a), EDX across surface region (b).
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surface at positions where inclusions are broken out
during preparation and belong to a zone slightly
depleted in Cr, see Fig. 7(b).

The situation changes between 2400 and 4800 h.
Two kinds of corrosion phenomena are observed
after exposure to LBE with 10�8 wt% oxygen and
temperature changes between 550 and 650 �C. Part
of the surface exhibits local dissolution attack with
no visible oxide scale formation in areas of several
100 lm diameter. The attack is enhanced in surface
parts where Cr is depleted by carbide formation.
The other part still has a protective Cr spinel layer
on top with an oxygen diffusion layer underneath
which is sealed against the steel by a Cr rich diffu-
sion barrier.

3.2. Variation of oxygen concentration between

10�6 and 10�8 wt%, P122 steel

3.2.1. Bulk material and welded joint, 550 �C

A dense magnetite and spinel layer develops after
4000 h of exposure on the P122 surface during the
experiments with oxygen concentration variations,
see Fig. 8. On the bulk material and heat-affected
zone the layers (spinel + internal oxidation) are of
almost constant thickness (14 lm) while on the weld



Fig. 6. SEM of ODS surface cross-section after exposure to LBE
with 10�6 wt% oxygen for 4800 h at temperatures changing from
550 to 650 �C and back every 800 h, part of specimen with strong
dissolution attack (LBE in corroded area).
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seam the thickness varies along the surface. The Cr
content in the spinel layer reaches 20 wt%. LBE
penetrates the magnetite layer, precipitates in the
interface to the spinel layer and separates the mag-
netite layer.

Parallel to the experiment with variation of the
oxygen concentration a second experiment with
constant oxygen concentration at 10�6 wt% was
conducted for comparison at the same temperature
of 550 �C. The result is shown in Fig. 9.

The appearance of the oxide scales formed with
constant oxygen concentration is similar to that
shown in Fig. 8. However, the magnetite scale in
Fig. 9 has higher porosity. The spinel and internal
oxidation zone are of larger thickness (24 lm). Its
spinel zone contains less amount of Cr, about
16 wt%. The magnetite layer is not separated but
contains LBE in its pores.

4. Discussion

Spinel oxide scales without magnetite develop on
ODS under conditions of temperatures changing
between 550 and 650 �C every 800 h. This behaviour
agrees with results observed in the CORRIDA loop
experiments [21] in which the oxygen concentration
changed to lower values during the course of the
experiment. This agreement is not surprising,
because increasing temperature and decreasing oxy-
gen content have both the effect of decreasing the
oxygen activity which hinders the formation of a
magnetite scale, as can be seen from Fig. 1. An
internal spinel layer develops instead of this as
already described by Müller et al. [2]. The spinel
layer prevents the ODS steel from dissolution attack
as long as no spallation occurs. This agrees also
with former experiments with ODS at a constant
temperature of 550 �C and 10�6 wt% oxygen con-
centration (p(O2) = 8.1 · 10�23 bar) up to 2000 h
of exposure [12]. At an oxygen concentration of
10�6 wt% the spinel layer is relatively thick, while
at 10�8 wt% (p(O2) = 5.2 · 10�27 bar) only a thin
spinel layer is formed. Local dissolution attack
occurs on ODS steel after the exposure for 4800 h
in LBE with 10�6 and 10�8 wt% oxygen at temper-
atures changing between 550 and 650 �C. This is in
contradiction to the observation of prevention of
dissolution attack on ODS in LBE with 10�8 wt%
oxygen (p(O2) = 3.0 · 10�25 bar) at 650 �C [12].
However, the dissolution attack is less severe in
LBE with 10�8 wt% oxygen. The attack starts in
areas of depleted Cr concentration in which protec-
tive spinel formation does not take place any more.
The pores observed below the surface are originated
by Cr oxicarbide particles that break out during
grinding. Defects in the spinel layer that may be
caused by the temperature fluctuations cannot be
repaired because of the low Cr concentrations in
these regions. In areas protected by an intact spinel
layer a Cr enrichment at the spinel/bulk interface
takes place which forms an effective diffusion
barrier. Thus, further spinel growth and internal
oxidation are prevented in these areas because of
substantial decrease of the iron ion mobility [20].

The P122 specimen tested under loss of oxygen
control conditions, simulated by variation of the
oxygen concentration between 10�6 and 10�8 wt%
at 550 �C is protected by a stable spinel layer like
the one tested at 10�6 wt% oxygen at 550 �C. In both
specimens Pb–Bi penetrates the magnetite layer.
However, the allocation of LBE after the experi-
ments is different. In the specimen exposed to LBE
with constant 10�6 wt% oxygen the precipitates
distribute in more or less fine pores inside the magne-
tite, while in the specimen with changing oxygen
concentration LBE is precipitated just between mag-
netite layer and spinel. In this case the magnetite
layer appears denser and does not allow formation
of LBE inclusions in it, but is almost entirely
detached from the spinel layer which, however,
keeps still its protective function. The reason for
incorporation of Pb into the pores of the magnetite
layer at constant oxygen concentration of
10�6 wt% in LBE is not fully understood. Formation



Fig. 8. LOM of the oxide scale on the different zones in the welded joint with oxygen concentrations in LBE changing from 10�6 to
10�8 wt% every 800 h at 550 �C.

Fig. 7. SEM of ODS surface cross-section after exposure to LBE with 10�8 wt% oxygen for 2400 h at temperatures changing from 550 to
650 �C and back every 800 h (a), EDX across surface region (b).
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Fig. 9. LOM of the oxide scale on the different zones in the welded joint with constant oxygen concentration of 10�6 wt% in LBE at
550 �C.
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of a thin layer of Pb–Fe oxides on the magnetite may
change the wetting properties of LBE. This may lead
to the inclusion of Pb during the magnetite growth.
Pb–Fe oxides are not expected to be formed at
10�8 wt% oxygen and 650 �C.

Three different grain structures are observed in
welded P122 joints. The finest grains appear in the
transition zone between the welding and bulk mate-
rial. The welded joint is a typical coarse-grained mar-
tensitic structure. The grain size of the bulk material
is in between the both described structures. Despite
this, the structures of the different oxide zones after
exposure to LBE with changing oxygen concentra-
tion are very similar with the exception of the oxide
layer thickness variations above the weld seam which
is caused by the coarse grains of this zone.

5. Conclusion

The hot spot simulation experiments in the
ODS–LBE system show that dissolution attack can-
not be prevented at 650 �C, even though the forma-
tion of a protective oxide layer took place before at
550 �C. However, dissolution attack is less severe in
LBE with 10�8 wt% oxygen. The experiments with
changing oxygen concentrations in the P122–LBE
system show that such variations do not impose a
serious problem on the steel corrosion by LBE at
a temperature of 550 �C. Welded joints of P122
are covered with protective oxide layers as well as
the original steel surface.
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