Chapter 9
Pb AND LBE CORROSION PROTECTION AT ELEVATED TEMPERATURES*

9.1

Introduction

Compatibility of material with liquid LBE is a key problem for LBE-cooled systems. Steels are
attacked by dissolution of the components in LBE. Dissolution has to be minimised or, even better,
entirely prevented for the structural cladding and target materials in contact with LBE. One measure
that is widely being used for temperatures in the range up to 500qC is dissolution of oxygen in LBE
until the oxygen content reaches a level that allows oxidation of the structural material but not
oxidation of the LBE [Gromov, 2004], [Müller, 2000], [Benamati, 2000]. This method is described in
Chapters 4 and 6 of this Handbook and will not be considered here. Nevertheless, the protection
measures described in this chapter in most of the cases work also at oxygen potentials in the above
given range or may be effective also at much lower potentials. In this chapter we are concerned with
oxide coatings or alloys that develop slowly growing protective oxide scales by reaction of oxygen
with alloyed stable oxide formers in the coating at the surface or into the bulk of the alloy material and
are suitable for protection of highly loaded parts like claddings, wrappers and spacers at elevated
temperatures above 500 up to 650qC [Müller, 2000], [Asher, 1977], [Deloffre, 2004], [Gorynin, 1999].
Other coatings or alloys that are based on refractory low soluble elements or on nitrides and carbides
would require very low oxygen potentials to prevent oxidation of the material [Asher, 1977], [Benamati,
2004], [Seifert, 1961], [Block, 1977]. The following materials and modifications are discussed in this
chapter for a successful application in liquid LBE systems.
1) Alloys with Al and Si that form thin stable oxide layers in LBE containing appropriate
oxygen concentrations;
2) Coatings consisting of oxides, nitrides, carbides or alloys like FeCrAlY that form protective
oxide layers in LBE containing oxygen;
3) Coatings with resistant metals with low solubility in LBE like W, Mo, Nb…;
4) Inhibitors like Zr dissolved in LBE that cause formation of a protective surface layer on the
structural material.
The methods described in 1-3 divide into those that need oxygen concentrations in LBE in which
oxides develop at the surface of structural material or that are high enough to prevent dissociation of
oxide coatings and into those in which the oxygen concentration is low enough to prevent extensive
oxidation of the protective compounds like nitrides and carbides and of the inhibitors dissolved in LBE.
In case of low oxygen concentration we have to pay attention to its influence on the low temperature
part of the reactor for which additional protection methods are not required in LBE with oxygen. The
requirement of self healing of the protective layers has to be considered in any case.

* Chapter lead: Georg Müller (FZK, Germany). For additional contributors, please see the List of Contributors at the end of
this work.
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The requirements on the properties of the material surface that contacts LBE can be summarised
as follows:
x

prevention of dissolution attack;

x

tolerable oxidation rate during oxide scale formation;

x

long-term, high-temperature stability of the system also under temporary abnormal conditions;

x

tolerable influence of the coating and surface alloying process on he mechanical properties of
the structural material;

x

durability under irradiation;

x

long-term mechanical stability of the surface coating and alloying layer;

x

feasibility on an industrial level;

x

self-healing ability of protective layers.

9.2

Methods of surface protection

9.2.1

Alloying of stable oxide formers

It is known from several examinations that Al and Si alloyed into the steel within the appropriate
concentration range develop thin, stable and protective oxide scales by diffusion of Al or Si to the
surface were they react with the oxygen dissolved in LBE. These scales are an effective barrier against
diffusion of cations as well as of anions and prevent, thus, a fast growth of the scale that is often
observed with the magnetite and spinel layers on FeCr steels. The slow growth of the oxide scale
ensures a long time protection function without extensive steel oxidation. Breach of the scale is
minimised and if it happens, self healing will occur by diffusion of the scale forming cations to the
defect position which mainly consists of small fissures.
The main advantage of alloying Al or Si just into a thin surface layer is obvious. The thin surface
layer will not influence the mechanical properties of the bulk material and the scale will have a good
adhesion to the surface. Recently, there are some examinations reported on the suitability of Al
alloyed into the surface of ferritic and austenitic steel for their protection against dissolution attack of
LBE [Müller, 2000], [Deloffre, 2004]. Si was used up to now only as an addition to the bulk material
with which a marked improvement of the corrosion resistance was attained [Gorynin, 1999], [Kurata,
2005], [Lim 2006]. It is alloyed into the steel during the industrial production process. An example is
the Russian steel EI 852 containing 2 wt.% Si [Yachmenyor, 1999]. However, in principal, surface
layers containing an alloy with Si should work as protective oxide scale formers as well.
The procedures for alloying Al into a steel surface layer reported up to date are:
x

Melt alloying by melting of the surface covered with an Al foil or with precipitated Al by
pulsed electrons beam of large diameter (GESA process) [Müller, 2005].

x

Diffusion alloying that constitutes of three different procedures. The first is hot dipping of the
steel into an Al melt with subsequent annealing [Glasbrenner, 1998]. The second heating of
the steel covered by an Al foil above the melting point of Al [Heinzel, 2002]. The third is
pack cementation [Deloffre 2004].
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9.2.1.1

Alloying by the GESA process

GESA is a pulsed electron beam facility that consists of a high voltage generator with a pulse
duration control unit, a multipoint explosive emission cathode, a controlling grid and an anode which
form a triode [Engelko, 2001]. The kinetic energy of the beam electrons can be varied in the range of
50r150 keV, with a beam power density up to 2 MW/cm2 at the target and pulse duration up to 40 Ps.
The important parameters for the melting process, electron energy, power density and pulse duration
can be chosen independent of each other. The energy density absorption of the target is up to 80 J/cm2,
which is sufficient to melt metallic materials adiabatically up to a depth of 10-50 Pm. The beam
diameter is 6-10 cm and this is the area of surface melting by applying one single pulse. Due to the
high cooling rate, on the order of 107 K/s, very fine grained or even amorphous structures develop
during solidification of the molten surface layer. This is a suitable basis for the formation of protective
oxide scales with good adhesion [Müller, 2005], [Engelko, 2001].
Surface alloying of the steel specimens was done by applying the electron pulse to the surface
covered with an 18 Pm thick Al foil [Müller, 2005]. During surface melting 20-25% of the aluminium
is dissolved in the melt layer, the remainder evaporates. The micrographic cross-section and the
Al-concentration profile perpendicular to the surface is shown in Figure 9.2.1. The analysis shows that
Al penetrates into the steel within the molten surface layer. Profile A was obtained with an 18 Pm Al-foil
by applying just one electron pulse and profile B with a second pulse after attaching a new Al-foil.
When an additional pulse is applied to a surface with a B-profile without replacing the Al-foil, profile C
is obtained, which is almost constant up to a depth of 15 Pm. The concentration profiles are not typical
for a diffusion process, but for a distribution by turbulences in the melt. The obtained structure
consists of two phases, which contain different Al concentrations (4-10 wt.%) but have the same Cr
content. One phase corresponds to Al dissolved in Fe, D-Fe(Al), the other is FeAl [Müller, 2000].
Figure 9.2.1. Micrographic cross-section and Al concentration
profiles after alloying Al into an OPTIFER IVc surface with 0.45 MJ/m2
A: 1 pulse with 18 µm Al foil; B: 2 pulses, each one with 18 Pm Al foil;
C: 2 pulses, first with, second without 18 Pm Al foil [Müller, 2005]

Al alloyed layer

Steel

Corrosion experiments with alloyed steels show that 4 wt.% Al is high enough to achieve selective
alumina scale formation [Asher, 1977]. For concentrations above 20 wt.%, however, the Al activity
gets too high and dissolution attack can occur [Müller, 2002].
In a few cases single areas appear after surface alloying in which with Al concentrations are
below 4 wt.% because of incomplete overlapping of alloyed surface regions. In such places the steel
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would develop normal magnetite and spinel layers like the unalloyed steel surface because the Al
content is too low for selective oxidation and alumina formation on the surface. Those defects have to
be avoided by sufficient overlapping of the electron beam areas.
Since, structural parts that are exposed to high temperatures, including fuel cladding wrappers and
spacers, have to be protected by the alumina layers at the surface, a new GESA IV facility has been
constructed which allows surface alloying of tubes with small diameters by employing a cylindrical
cathode [Weisenburger, 2005]. A tube length of 32 cm is alloyed with one single pulse on the whole
tube and circumferential overlapping on the surface is avoided.
9.2.1.2

Diffusion alloying processes

As opposed to the GESA process the diffusion alloying processes create Al alloys by interdiffusion
between the steel matrix and the Al at the surface which is in most cases in a liquid state. The time for
interdiffusion should be long enough to lower the Al activity to a value for which no rapid dissolution
in LBE takes place. We refer here to three processes: hot dipping, pack cementation and liquefying of
an Al foil at the surface.
In the hot dipping process austenitic steel specimens are dipped into liquid Al contained in an
alumina crucible under an Ar5%H2 atmosphere [Glasbrenner, 1998]. The temperature of the Al is
700qC and the dipping time around 30 sec. Annealing follows at 500qC for 2 h and finally air cooling
to room temperature. The Al layer is typically 50 Pm thick with an interdiffusion zone of <10 Pm
thickness (Figure 9.2.2, left). This is expected to lead to dissolution reactions with the LBE because of
the high Al activity at the surface.
Figure 9.2.2. Austenitic 1.4970 steel (left) and martensitic MANET
steel (right) after hot dipping at 700qC in Al and subsequent annealing,
at 500qC for 2 h and 1050qC for 0.5 h, respectively [Heinzel, 2002]

Al-layer

FeAl [Al]
Si-precipitations
1.4970

50 µm

50 µm

For martensitic steel (Figure 9.2.2, right), the hot dipping procedure leads to very thick surface
layers of Al with >100 Pm interdiffusion zones, because of the rapid diffusion of Al into the steel
matrix [Glasbrenner 1998]. Thus, hot dipping followed by annealing not a suitable protection method
for this type of steel.
For Al-alloying the steel with a liquefied foil a 99% pure Al foil is wrapped around a fresh
ground tube and fixed by an Al-spray [Heinzel, 2002]. After a drying time of 12 h at 180qC a heat
treatment follows at 1050qC for 0.5 h. A typical cross-section of an Al alloy layer obtained by
wrapping the tube sample and annealing is shown in Figure 9.2.3.
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Figure 9.2.3. SEM micrograph of the surface cross-section and
Al concentration profile of the austenitic 1.4970 steel after melting an
Al foil at the surface and subsequent diffusion annealing [Heinzel, 2002]
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On top of the original surface there is a FeAl layer which forms by diffusion of iron into the
liquid Al layer during annealing. The diffusion zone of 25 Pm depth below the surface contains Al
dissolved in Fe and NiAl precipitations (dark), while the interface of some µm thickness contains a
zone of NiAl created by Ni diffusion. The Al content could be controlled by the thickness of the Al
foil, but a simple component geometry is a precondition for this procedure. It is not suitable for
martensitic steels because of the high temperature during the heat treatment and the high Al diffusion
coefficient in these steels.
Another method to precipitate Al at the steel surface is by pack cementation [Deloffre, 2004]
which is industrially available for austenitic steels [ASTM B875-96 (2003)]. In this process, the
components to be coated are immersed in a powder mixture containing Al (source), a halide salt
(activator) like NaF or similar compounds and an inert diluent such as alumina. When the mixture is
heated above 700qC the Al source reacts with the activator to a gaseous compound which carries Al to
the substrate. The gas decomposes at the substrate surface depositing Al and releasing the halogen
activator or ammonium, respectively. The activator returns to the powder mixture and reacts again
with the Al source. A period of several hours is needed to produce such a coating. Afterwards the Al is
alloyed into the steel by a heat treatment at 900qC for 6 h under an argon atmosphere. Using austenitic
steels such a treatment leads to a 60-70 Pm thick alloyed surface layer containing Al, Fe, Cr, Ni and O
[Deloffre, 2004]. The layer is divided by precipitates rich in Ni and Al and is similar structured like
the layer obtained with a liquefied foil (comp. Figure 9.2.3) with a NiAl rich zone at the interface.
Peaks for Ni and Al in the concentration profile of Figure 9.2.4 indicate positions at which the
scanning beam meets a NiAl precipitation in the bulk material. In comparison with the surface near
region the deeper region, in the bulk material, has a lower Al but a higher Cr concentration.
Pack cementation of martensitic T91 steel by 3 different procedures including alumina deposition
at the coated surface did not lead to suitable results for application above 500°C [Deloffre, 2003].
As compared to the GESA surface alloying, the diffusion alloying processes results in a
concentration distribution that corresponds to an exponential profile below the original steel surface
and to a surface layer which is created by iron diffusion into the liquid Al. GESA alloyed surface
layers have an relatively even Al distribution in the whole melt region of about 20 Pm. The GESA
process can be applied to any steel whilst the diffusion processes are only suitable for austenitic steels
because of the rapid Al diffusion in martensitic steels. The hot dipped steels have thick Al layers
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Figure 9.2.4. Typical cross-section of pack cemented 316 steel and
concentration profile obtained by a scan perpendicular to the surface
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which also after annealing have a high Al activity that leads to dissolution attack in LBE [Glasbrenner,
1998]. Alloying by a liquefied Al foil has, compared to hot-dipping, the advantage that the thickness
of the Al layer can be controlled by the thickness of the foil [Heinzel, 2002].
9.2.2

Corrosion-resistant coatings

Instead of surface alloying resistant metals, alloys or compounds can be precipitated on the steel
surface [Ballinger, 2004]. Resistant metals like W, Mo, Nb or alloys of these metals require a clean
environment with very low oxygen activity to prevent oxidation. The metals themselves have a low
solubility and are stable in LBE at lower oxygen activities. Alloys like the superalloy MCrAlY
[Nicholls, 2003] gain protective behaviour by forming a stable, dense oxide scale on the surface.
These alloys require an oxygen activity that causes oxide scale formation and that keeps the scales
stable and allows their self-healing. Coatings consisting of resistant compounds like oxides, carbides
or nitrides will generally not possess self-healing properties. They must have long time stability and
good adhesion to the steel surface which is not easily being achieved.
9.2.2.1

FeCrAlY coatings

MCrAlY coatings (M=Fe, Ni, Co or NiCo) are widely applied for first and second stage turbine
blades as corrosion resistant overlays or as bond-coats for use with thermal barrier coatings [Nicholls,
2003]. The corrosion resistance is based on the ability to form alumina layers due to selective
oxidation. The coating could be applied by a number of processes like physical vapour deposition
(PVD), air plasma spraying (APS) or vacuum plasma spraying (VPS), but the most common is the low
pressure plasma spraying (LPPS). Figure 9.2.5 left side shows a cross-section of a cladding tube with a
~20 Pm LPPS FeCrAlY coating1. Coatings with Co could not be used because of the activation in a
reactor and those with Ni not because of the high solubility of Ni in Pb and PbBi.
The coating has a rough surface because of the relatively large spray droplets, contains pores and
also the adhesion on the bulk material is not perfect. To exclude these uncertainties, the coatings can
be treated using the GESA melting process. Experiments with GESA show that a GESA treatment
1

Coating by Sulzer, Wohlen, Switzerland.
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smoothes the surface and removes pores. Another important effect of the GESA treatment is that
because of the small layer thickness the coating is “welded” to the bulk material. Figure 9.2.5 right
side shows such a GESA treated sample [Weisenburger, 2005].
Figure 9.2.5. FeCrAlY coating on austenitic steel [Weisenburger, 2005]
Left: coating after LPPS, right: after GESA electron melt treatment

Looking at the structure of the GESA treated FeCrAlY (24.8% Cr, 8.7 Al, 0.49% Y, Fe balance)
coating on the right side of Figure 9.2.5, it could be argued that the coating attained properties like a
surface alloyed layer and could be classified as such a type of surface protection. This is because the
melting zone reaches beyond the coating substrate interface and, thus causes a mixing of both materials.
Bulk FeCrAlY (15%Cr, 4% Al, 0,64%Y, 0,015%C, Fe balance) has been examined by Asher,
et al. [Asher, 1977] in flowing Pb at 700qC and did not show any visible attack also after 13000 h of
exposure at low oxygen potential. The same behaviour is observed with FeCrAlY coatings after GESA
treatment after first experiments up to 5000 h at 500-600qC [Weisenburger, 2005].
9.2.2.2

Coatings with resistant metals

Early experiments on the compatibility of Bi with Ta, Mo and Be were carried out to explore
suitable materials for the containment for liquid Bi in a liquid metal fuel reactor [Seifert, 1961]. Up to
this time several experiments are reported in which no appreciable attack of Bi at temperatures of up
to 1000qC was observed after several 100 h. Bi containing 5%U at 800-1000qC had an average
corrosion rate of only 0.025 mm after 5000 h. Later, such experiments were conducted also with LBE
[Romano, 1963]. The results are more or less expected if one looks at the low solubilities of these
metals in Bi and LBE. Low solubilities are observed also with W and Nb. These metals are all
candidates for a coating to protect structural steels against the attack of LBE [Benamati, 2004].
Several coatings with the above mentioned metals were produced by plasma spraying [Block,
1977]. However, only the Mo coating was successful because Mo was the only metal with which a
satisfying coating could be achieved. This is because of the high access of oxygen to the plasma beam
in which MoO3 evaporates and is not precipitated on the target. There are other possibilities to coat
the surface of metals without oxide formation such as employing PVD and CVD processes and
electrochemical deposition [Asher, 1977]. However, cracks and spalling occurs with the coatings
during temperature changes. An exception was Mo on Croloy. More development work is necessary to
explore the potential of such coatings.
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It is obvious that dense coatings with metals of low solubility offer a good protection against LBE
especially if the oxygen potential of the LBE is below that of the metal oxide formation. If this is not
the case, stable oxide layer formation on the metal surface is necessary for an effective protection.
9.2.2.3

Oxide, carbide and nitride coatings

Oxide, carbide and nitride coatings are widely used in industrial applications and the technique of
their precipitation on metal surfaces is well developed, e.g. for the hot sections of gas turbines for
numerous cases of corrosion protection and wear resistance. These materials isolate the steel from
aggressive media but have poor strength and ductility and cannot be used as a structural material itself.
As a protective coating, however, they allow application of steels with high strength and ductility
which, if unprotected, are exposed to strong dissolution attack by LBE. The disadvantage of the
coating concept is, however, that the coatings have no self healing ability and a fracturing or spallation
of the coating would lead to a direct dissolution attack by the LBE of the uncovered part of the steel.
This is the main problem with oxide, carbide and nitride coatings and it is enhanced by the fact that
bad adherence may exist as well as stresses because of the differences in the thermal expansion. TiN,
CrN and diamond like carbon coatings (DLC) of good adherence were obtained from Ion Bond AG,
Olten, Switzerland, and employed for examination in the LBE of the CORWETT loop under stress at
temperature of 350qC [Glasbrenner, 2004].
There are some attempts to employ ceramic coatings for the protection of steels against LBE. They
include nitrides and borides of Ti and Zr, carbides of W, aluminium-magnesium spinel [Romano,
1963] and ZrO2 + Y2O3 [Asher, 1977]. The layers are, however, not dense enough to inhibit cation and
anion diffusion and are subjected to cracking and spalling. More development work is necessary.
9.2.3

Corrosion inhibitors in LBE

By definition inhibitors are substances which, when added to a chemical system in small amounts
(in the order of only 10–3 wt.%), interact with the reactants to reduce the reaction rate. By this definition
oxygen dissolved in LBE acts as such an inhibitor through the formation of a stable oxide film
reducing the dissolution rate. Additions of other elements such as Zr or Ti to low oxygen LBE may
provide an inhibitive effect, also [Hodge, 1970], [Shmatko, 1998]. A possible mechanism explaining this
kinetic phenomenon is that Zr (or Ti) promotes the formation/creation of a thin, compact, adherent
protective nitride layer being insoluble in the LBE deoxidised at first with Mg (approx. 5 u 10–2 wt.%)
acting as a getter [Hodge, 1970]. If enough nitrogen is present in the steel, protective TiN or ZrN films
will form at first. After consuming all the nitrogen (most structural steels contain nitrogen in the order
of several ppm), in the second step TiC and ZrC films will start to grow [Ilincev, 2002]. The existence
of such films was proofed experimentally. Synergetic effects have not been reported. Creating
protective films is also affected by the heat treatment. Fine nitrides are more uniformly distributed,
e.g. nitrogen can diffuse faster. An indirect proof of the TiC, TiN or ZrC, ZrN, role is that inhibition is
most effective on steels which are rich both C and N and, at the same time, characterised by a low
content of Cr, Mo, V and other carbide and nitride-forming elements [Ilincev, 2002].
Inhibited corrosion rates of low-alloyed steels were examined as a function of temperature [Weeks,
1958] in comparison to reference samples without an inhibitor postulating that Zr/Ti solubilities in
LBE are the most important factors affecting inhibition. Diffusion is of secondary importance. Stainless
chrome, chrome–nickel and low-alloyed steels stabilised with strong carbide- and nitride-forming
elements do not form protective films and thus they must corrode fast as in cases if no inhibitor was
used (tests with reference samples).
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Determining an optimal (in any case low!) concentration of the inhibitive additives and maintaining
it at this low level during the whole loop operation and explaining the role of particular alloying
elements in steels on the formation and mechanical stability of protective inhibitive films is still an
obvious need. However, long-term tests on large devices are required before the inhibition method
could be utilised on a large scale [Park, 2000].
Proper mixing procedures which assure a homogenous distribution of the inhibitor within the LM
as well as maintaining its amount at a constant level during the whole loop operation are crucial here.
9.3
9.3.1

Corrosion examinations on alloys and coatings
Surface alloys

Several experiments with surface alloyed steel have been conducted in stagnant and flowing LBE
with oxygen concentrations in the range of 10–4-10–13 wt.%. The experimental conditions and results
are listed in Tables 9.3.1 and 9.3.2.
As shown in Tables 9.3.1 and 9.3.2 most of the experiments were conducted with Al surface
alloys produced by melt alloying with the GESA process and by pack cementation. In all GESA
alloyed specimens stable protective oxide scales with no attack of LBE up to 650qC and 10000 h are
observed. This concerns austenitic as well as martensitic steels in an environment of stagnant LBE
with 10–4 and 10–6 wt.% oxygen.
The same positive result was obtained for alloys produced by pack cementation up to 600qC after
3000 h of exposure to stagnant LBE with about 10–4 wt.% oxygen. Examination of pack cementation
alloys in stagnant LBE with oxygen concentrations below 10–8 wt.%, however, resulted in dissolution
attack at temperatures above 500qC after 1000 and 3000 h, respectively.
Looking at the experiments in the Prometey IPPE and CICLAD loops one can see satisfying
protection behaviour of the Al-surface-alloyed steels at an oxygen concentration of 10–6 wt.% up to
600qC [Müller, 2002, 2004], [Deloffre 2004] with the exception of the hot dipped steel, in which
dissolution attack starts at 420qC because of the high Al activity that leads to strong dissolution attack.
Some local corrosion processes in the pack cementation specimen near the sample holder are
believed to be caused by LBE turbulences at the specimen tube holder [Deloffre, 2004].
9.3.2

Bulk alloys

Numerous experiments are conducted on steels alloyed with Si especially in the low concentration
region up to 3 wt.%. The first experiments reported on austenitic steels containing up to 3 wt.% Si
result in a low oxide scale thickness which levels up to 20 Pm after 12000 h of exposure to LBE in a
narrow region around 10–6 wt.% oxygen at 550qC [Gorynin, 1999]. The same steel without Si addition
reaches an oxide thickness > 80 Pm at these conditions. Another experiment with the steel SX
(Fe, 17.6Cr 4.8Si) at 550qC shows a thin protective SiO2 scale at the surface after 3000 h in LBE with
saturated oxygen content [Kurata, 2005]. Although this is a desired result, the way can not be followed
because above 1.5-2 wt.% of Si the steel impact strength decreases rapidly due to embrittlement
[Gorynin, 1999] and the resistance against radiation damage decreases.
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Systematic investigations of the influence of Si on surface protection in LBE with oxygen
activities below that for the Fe/Fe3O4/FeO stability range showed the importance of Cr concentrations
in steel [Ballinger, 2003], [Lim 2006]. While Si concentrations of up to 3.8 wt.% have no positive
effect on protection of low Cr martensitic steel, in 12-18 Cr martensitic steel the thickness of the
protective spinel oxide scale is drastically decreased with increasing Si concentration up to 2.25 wt.%.
It is believed that a network of precipitated SiO2 and Fe2SiO4 localised beneath the Cr rich oxide layer
forms a barrier for diffusion of oxygen into the steel matrix [Lim, 2006].
A review on the experiments conducted is given in Table 9.3.3.
9.3.3

Coatings

Only few experiments with protective coatings have been conducted. The experiments in stagnant
LBE are listed in Table 9.3.4 and those in flowing LBE are listed in Table 9.3.5.
The test with the FeCrAlY coating with GESA treatment was carried out under controlled oxygen
concentration, and did not lead to a dissolution attack after 5000 h at 550 and 650qC in LBE with
10–6 wt.% oxygen [Weisenburger, 2005]. The alumina scale on the surface was very thin and did not
show visible scale growth.
Nb coated on the surface of EUROFER97 and T91 steel did not react with LBE under strongly
reducing conditions at 480qC during 1000 h [Benamati, 2004]. This is due to the fact that the solubility
of Nb in LBE is very low. Nb coating with an Nb2O5 oxide scale produced by Nb anodisation is also
resistant against attack by LBE in the temperature range of 450-500qC. Appropriate oxygen potential
control is required in this case to prevent Nb2O5 decomposition. Experiments with W in LBE indicate
that W as a coating is not compatible if the LBE is saturated with oxygen. A 50 Pm thick reaction
layer of WO3 and Pb-W complex oxide covers the surface after 2000 h at 520qC [Benamati, 2004].
The same is expected to happen for Mo in this environment. Other experiments with coatings in LBE
with no defined oxygen concentration level result in bad performance of the metal coatings, also of
W and Ta, independent of the productions process by plasma spraying, flame spraying, CVD or
electrochemical deposition with the exception of Mo plasma sprayed on Croloy [Asher, 1977]. The
other coatings suffered from cracking and spalling.
Experiments have been carried out at the relatively low temperature of 350qC to examine the
influence of stresses on TiN, DLC and CrN coatings. They show diminishing of the protection behaviour
as opposed to the unstressed conditions. Only TiN was not influenced by stresses and showed neither
dissolution attack nor formation of cracks [Glasbrenner, 2004, 2005]. The results obtained in the
experiments can be described as follows:
x

Static load on CrN caused corrosion attack by LBE. This was not the case when the exposure
tests were carried out without any static pressure. Hence, the stress has a negative influence to
the compatibility of this layer.

x

There seems to be no chemical interaction between LBE and the unstressed DLC layer. But at
a static stress of 150 MPa a degradation of the layer and change in thickness occurred. The
compression seems to be more effective than tension. In the areas with destroyed layer parts
the specimen was affected by LBE.

Exposure of TiN coated specimens up to 6000 h in LBE revealed the most promising results. This
coating is not influenced by LBE with and without static stresses up to 200 MPa.
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9.4

Concluding remarks

Application of LBE with an oxygen concentration that ensures formation of magnetite on the
steel surface is the first choice for realisation of a LBE cooled nuclear installation. The concentration
must, however, be lower than that at which precipitation of PbO takes place. This would provide
protective conditions especially for the low temperature parts. However at elevated temperatures this
method of steel protection fails because of extensive steel corrosion by oxidation without sufficient
prevention of dissolution attack by LBE. Therefore, structural parts exposed to high thermal loads like
cladding tubes, which could reach temperatures above 500qC, need additional protection measures.
It can be concluded at this point that austenitic and martensitic steel alloyed by GESA and austenitic
steels alloyed by the pack cementation process and by foil melting fulfil as well as steels alloyed with
Si the requirements concerning corrosion protection against the LBE attack up to 600qC if the oxygen
concentration in LBE is between 10–4 and 10–6 wt.%. From the results obtained with pack cemented
steels in LBE containing less than 10–8 wt.% oxygen, however, it seems, that the oxygen activity
above 500qC gets low enough to allow dissolution attack on FeAl before a stable alumina scale is
developed because the proceeding of this process depends strongly on the oxygen concentration in the
surrounding LBE.
Alloying Al into the surface causes very thin, slowly growing oxide scales that prevent steel
oxidation and dissolution attack by LBE. Additionally, the self healing in case of oxide scale defects
that may occur during thermo cycling is expected.
Successful methods of alloying Al into the steel surface are:
x

melt alloying by GESA and pack cementation for austenitic steels;

x

FeCrAlY coating with subsequent alloying by GESA for martensitic and austenitic steels as
well.

It is of advantage that the pack cementation and the FeCrAlY coating processes are already
performed on an industrial level. Therefore, this process should be favoured. This holds as well for
steels alloyed with Si during fabrication.
Coatings with metals of low solubility in LBE, e.g. Mo, and of nitrides and carbides should be
excluded because they would require very low oxygen activities and would leave uncoated low
temperature parts unprotected.
The use of oxide coatings, e.g. alumina, which would allow application of LBE with appropriate
oxygen concentration must be excluded because of expected adhesion problems and because of
absence of a self healing of defects.
For a final judgement of the suggested protection processes additional examination is required on:
x

long-term behaviour;

x

self healing properties;

x

mechanical properties;

x

behaviour under irradiation;

x

influence of fretting on the protective layer.
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390

PbBi

FeAl by
pack cementation
Hot dipped Al

JAERI facility

IPPE facilities

COLIMESTA

PbBi

PbBi

COLIMESTA

PbBi

FeAl by pack
cementation
Pack cementation
+ oxidation
Pack cementation
+ Al2O3 disposal
by pyrosol
Pack cementation

Pack cementation
(ind. performed)

COSTA

COSTA

Test
facility

PbBi

Liquid
metal/
alloy
Pb

Al-GESA

Al-GESA

Method of
surface alloying

450
550

350
500
600
470
600

500
550
600
650
350
500
600

550

Temp
[°C]

3000
10000
1000

10–9-10–8
2.5*10–4
9*10–4
4*10–9
4.3*10–13
Saturated
3000

3000

10–9-10–8

10–4
10–6
10–8

Time
period
[h]
1500
2500
3000
5000
10000

Oxygen
conc.
[wt.%]
10–6

F82H, Mod. 9Cr-1Mi,
JPCA, 410SS, 430SS,
2.25Cr-1Mo

316L
(up to 10000 h
at 350-500°C)
316L

316L, T91

1.4970,
OPTIFER IVc
316L, 1.4970,
ODS, P122,
OPTIFER IVc

Steel

[Deloffre,
2004]

[Deloffre,
2004]

[Müller, 2000,
2004]
[Müller, 2004,
2004c]

Ref.

[Kurata, 2004]
Layer produced by pack
cementation exhibited
corrosion resistance, while
hot dipped samples showed
a severe corrosion attack

Protective at 10–4 wt.%,
deep cracks at low oxygen
concentrations.

Protective layers at all
temperatures for 10000 h
results for 10–8 wt.%,
650qC not yet available.
Protective layers up to
500qC. At 600qC partial
destruction of the alloyed
layer occurred with
consequent dissolution
attack.

Thin protective layers.

Results

Table 9.3.1. Experimental verification of surface alloys with stagnant LBE
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PbBi

Pack cementation
(industrial performed)

PbBi

PbBi

Pack cementation
(industrial performed)

Al-GESA

PbBi

Liquid
metal/
alloy
PbBi

Hot dipped
Al 12 at.% Si

Al-foil diff.

Method of
surface alloying

CORRIDA

IPPE (1.3 m/s)

CICLAD
(2.3 m/s)

Prometey
(0.5 m/s);
IPPE (1.3 m/s)
Prometey
(0.5 m/s);
IPPE (1.3 m/s)

Test
facility

550

470
600

400

420
550
600
420
550
600

Temp.
[°C]

500

1000

10–11-10–12
10–6
10–7-10–8

5000

4000
7500

10–6

10–6

Time
period
[h]
4000
7500

Oxygen
conc.
[wt.%]
10–6

ODS, P122

316L

316L

316L, 1.4970

316L, 1.4970

Steel
FeAl on the surface
forms stable, thin
alumina layer.
Dissolution of the Al
layer starts at 420qC and
is completed at 600qC
(pure Al at the surface).
Localised attacks on the
coating, but only at
external parts.
No damage or
modification of the
coating up to 600qC.
Near the sample holder
some local corrosion
probably because of PbBi
turbulences there.
No reaction, thin alumina
scales.

Results

Table 9.3.2. Experimental verification of surface alloys with flowing LBE

[FZK],
[Schroer, 2004]

[Deloffre, 2004]

[Deloffre, 2004]

[Müller, 2002,
2004b]

[Müller, 2004b]

Ref.
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400, 500,
600, 700
600

300-470

PbBi

PbBi

PbBi

Fe12Cr
Fe2.25Cr
Fe18Cr
Fe18Cr
Fe18Cr
EP823

1.24/
2.55/
3.82
0.5
1.25
0.5
1.25
2.55
1.8

PbBi

2+3
2

Fe-Si
alloys

400
550
600
650

PbBi

2
3.34Al

SUH3
(11Cr)
NTK04L
(18Cr)
Austenite
Martensite

550

560
620

PbBi

1.5-2
2

EI 852
EP 823

Temp.
[qC]
450 + 550

0.5
0.69
4.8

PbBi

Si conc. Pb/PbBi

JPCA
316 SS
SX

Steel

1000

3000-12000

2·10–8

10–10/
4·10–9/
10–6/
10–4

10–6
3116

100-300

100-1000

8000 + 12000
2300-2598

7·10–6-1·10–6
5·10–6-8·10–7

Below
Fe/Fe3O4/FeO
formation
Below
Fe/Fe3O4/FeO
formation

Time
[h]
3000

Oxygen
conc. [wt.%]
Saturated

2 m/s

Stag.

0.2 m/s

Stag.
4-6 m/s

1.8-2
1.2-1.5
2 m/s
1 m/s

Stag.
or flow.
Stag.

SM1,
SVR, TSU-1M
(bei IPPE)

No name

Test facility

The presence of Si in
EP823 reduces the oxide
growth rate, which
improves the resistance to
oxidation.

CU-1M
(IPPE)

Double oxide layer
deceases with increasing Si
content.
Dissolution attack at
< 10–8 wt.%.
No effect of Si on surface Forced
protection.
convection
corrosion cell
Reduction of oxide layer
thickness with increasing
Si content.

450qC: all steels are
protected
550qC: JPCA, 316SS
dissolution attack.
SX is protected by a thin
SiO2 scale
Both steels are protected
by a thin oxide layer of
3-5 Pm.
In general the weight loss
decreases with increasing
Cr content.

Results

Table 9.3.3. Experimental verification of Si-bulk alloys with LBE

[Barbier,
2001]

[Lim, 2005]

[Loewen,
2004, 2005]

[Gorynin,
1999]

[Kondo, 2004]

[Yachmenyov,
1999]

[Kurata, 2004]

Lit.

393

Liquid
metal/alloy

PbBi

Method of
surface alloying

Nb by galvanic deposition
Nb2O5/Nb
Nb by magnetron sputtering
Nb2O5/Nb
Nb by galvanic deposition +
oxidation Nb2O5/Nb
Nb by magnetron sputtering
+ oxidation Nb2O5/Nb
ENEA,
Brasimone
Laboratory

Test
facility
480

Temp
[qC]

Oxygen
conc.
[wt.%]
Mg in LBE,
H2 bubbling
1000

Time
[h]
EUROFER97, T91

Steel

Table 9.3.4. Experimental verification of coatings in stagnant LBE

No reaction
visible

Results

[Benamati,
2004]

Ref.

394

IPPE loop

PbBi

PbBi

DLC
(low temperature
coating process)
FeCrAlY + GESA

Al pack cementation
Nb by magnetron
sputtering
Nb by electron
sputtering

Mo flame spraying
Mo und ZrO+Y2O3
plasma spraying
Mo chemical
deposition
Ta electrochemical
Ta vapour phase

PbBi

Pb

Pb

CORRWETT

PbBi

CrN (PVD)

WC, Al2O3, Mo, Ti
Plasma and
flame spraying

CORRWETT

PbBi

TiN (CVD)

LECCOR

CORRWETT

CORRWET

PbBi

FeAl (CVD)

Test
facility

Liquid
metal/alloy

Method of
surface alloying

700-720

500, 550,
600
Up to
1127

350

350

350

350

Temp.
[qC]

10–10

Reduced

Up to
1344

100-120

5000

10–6
Reduced

6000

6000

6000

6000

Time
[h]

Sat.

Sat.

Sat.

Oxygen
conc.
[wt.%]
Sat.
No dissolution attack, no spallation
of the surface layer.
No dissolution attack, no spallation
of the layer.
No dissolution attack, no spallation
of the surface layer.
No dissolution attack, no spallation
of the surface layer.

Results

No dissolution attack, no spallation
of the surface layer.
Incolloy 800,
All coatings except Ti protected
X15CrNiSi 25 20 the steels; because of the different
expansion coefficient of steel and
protective layer, no tight
interlocking and some cracks were
observed.
Coatings appeared to be
Croloy
unsatisfactory since the coating
did nit remain intact. The bad
performance of most coatings did
Croloy
not seem to depend on whether the
coating was applied. But Mo
plasma sprayed and Al show some
Croloy
promise.
Stainless steel
Croloy
T91
No reaction visible.

1.4970

T91

T91

T91

T91

Steel

Table 9.3.5. Experimental verification of coatings in flowing LBE

[Benamati,
2004]

[Asher,
1977]

[Ballinger,
2004]
[Block,
1977]

[Galsbrenner,
2004]
[Galsbrenner,
2004]
[Galsbrenner,
2004]
[Galsbrenner,
2004]

Ref.
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