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Abstract

Lead bismuth eutectic (LBE) technology is being developed for applications in advanced nuclear systems and high-power spallation
neutron targets. In this paper, the current understanding of corrosion and the fundamental issues relevant to corrosion when using LBE
as a heavy liquid metal nuclear coolant are reviewed. Corrosion mechanisms and processes in LBE are examined. Prospective methods to
mitigate corrosion are briefly surveyed. We then discuss the oxygen control technique for corrosion mitigation in detail, including the
range of oxygen concentrations in LBE, oxygen sensors, and the surface oxidation kinetics. Existing experimental results are summarized
and reviewed. Theoretical corrosion models for non-isothermal liquid metal loops are refined and compared each other. The applications
of these models to a few practical lead-alloy systems are used to illustrate the corrosion mechanisms and the parameter dependency, and
to benchmark. Based on the current state of knowledge, a number of R&D tasks are proposed to fill the gaps and firmly establish the
scientific underpinning before LBE nuclear coolant technology is ready for programmatic and industrial applications.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Lead bismuth eutectic (LBE) has been a primary candi-
date material for high-power spallation neutron targets and
coolant in accelerator driven systems (ADS) and in
advanced nuclear reactors due to its favorable thermal–
physical and chemical properties, including the low melting
point, low vapor pressure, wide margin to boiling, high
spallation neutron yield, low neutron moderation and cap-
ture, and chemical inertness resulting in mild reaction with
air and water. However, it is well known that steels are
severely corroded by LBE if they are exposed to LBE
directly at medium to high temperatures. Corrosion of con-
tainment and structural materials presents a critical chal-
lenge in the use of LBE in ADS and advanced nuclear
reactors. Full knowledge of the important characteristics
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of the flow-induced and/or enhanced corrosion is essential
in the proper design and safe operation of LBE heat trans-
fer circuits. Currently a lack of systematic understanding
of the scientific basis is limiting many R&D efforts to
testing and impeding the development of material and
technologies.

The present paper reviews the current understanding of
steel corrosion in LBE and the associated fundamental
issues when using LBE as a nuclear coolant. The relevant
physical and chemical properties are included. The dissolu-
tion of materials into LBE and the diffusion coefficients for
corrosion products in LBE are presented. The following
important aspects of LBE corrosion are reviewed: corro-
sion mechanisms, environmental effects, oxygen control
technology for steel corrosion mitigation, existing experi-
mental data, and the corrosion modeling results. We also
outline the needed future studies to fill the gaps and estab-
lish the scientific underpinning before LBE nuclear coolant
is ready for programmatic and industrial applications.

The rest of the paper is organized as the following:
Section 2 presents the materials information on LBE,
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including phase diagram, activity of each component and
physical properties. Section 3 analyzes the corrosion phe-
nomena in LBE, including corrosion mechanisms, corro-
sion product solubility, diffusion and transport in LBE,
factors affecting the corrosion processes and methods for
mitigating corrosion. Section 4 summarizes the active oxy-
gen control technique for protection of structure steels,
including oxygen activity, solubility and diffusion coeffi-
cient in LBE, controlling processes and oxygen sensors.
In Sections 5 and 6, recent experimental and theoretical
(corrosion modeling) results on corrosion and oxidation
are presented. In Section 7, corrosion–oxidation interac-
tions are presented. Section 8 outlines our recommenda-
tions of important subjects for near future studies.

2. Lead–bismuth eutectic alloy

2.1. Phase diagram of lead–bismuth alloy

The first step in evaluation of an alloy system is to estab-
lish the phase diagram. The lead bismuth alloy phase
diagram was given by Hansen and Anderko [1], Elliott [2]
and Hulltgren et al. [3]. The most recent update of the
phase diagram was by the Institute of Physics and Power
Engineering (IPPE) Obninsk, Russia, for the purpose of
using lead–bismuth alloy as a nuclear coolant [4]. The
phase diagram by IPPE is shown in Fig. 1. It indicates that
the eutectic point is 123.5 �C at 44.8 wt% of lead. The melt-
ing points of pure lead and pure bismuth are 327 �C and
271 �C, respectively. There is a small difference between
the eutectic points reported by IPPE and Elliot [2], who
reported the eutectic point of 125.5 �C at 44.5 wt% of lead.
For our discussions, the alloy with 44.8 wt% Pb and
55.2 wt% Bi (corresponding to 45.0 at.% Pb and 55.0 at.%
Bi) is considered the lead–bismuth eutectic (LBE) [4].

2.2. Thermodynamic properties of lead–bismuth alloy

The determination of thermodynamic and structural
properties of liquid lead–bismuth alloy has been the subject
of numerous investigations using various techniques such
as vapor-pressure measurement [5,6], electro-motive-force
(EMF) measurements [7–11], mass spectrometry [12], and
electrochemical measurement using solid electrolyte [13].
Fig. 1. Pb–Bi phase diagram obtained by the Institute of Physics and
Power Engineering, Obninsk, Russia. a is Pb, b is Pb7Bi3 and c is Bi.
A critical analysis of the earlier studies (before 1973) was
reviewed by Hultgren et al. [3].

For calculating the activity coefficients of the binary
solutions, the Krupkowski’s formulae take the form [10]

ln c1 ¼ xðT Þð1� X 1Þm; ð1aÞ

ln c2 ¼ xðT Þ X m
2 �

m
m� 1

X m�1
2 þ 1

m� 1

� �
; ð1bÞ

where ci and Xi (i = 1, 2) are the activity coefficient and the
atom fraction of the metal i, the x(T) function character-
izes the degrees of regularity of the system, the exponent
m is the asymmetry coefficient and the T is the temperature
in Kelvin. It was found that Eq. (1a) applies mostly to the
component having the smaller atomic radius in the systems
[10]. The activity of the metal i in the alloy is

ai ¼ ciX i: ð2Þ
For liquid lead bismuth alloys, it was reported that the
exponent m equals 2 [10]. Therefore, the activity coefficient
of Pb and Bi in the liquid alloy can be written as

ln cPb ¼ xðT Þð1� X PbÞ2; ð3aÞ
ln cBi ¼ xðT Þð1� X BiÞ2: ð3bÞ

The function x(T), independent of the alloy composition,
is different for different temperature ranges. Moser [10]
reported that in the range of 670–760 K, x(T) = �[447/
T + 0.2025], while in the range of 1150–1320 K, Prasad
et al. [6] reported that x(T) = �[391.5/T + 0.2693]. For
the range of 760–1150 K, we did not find validated correla-
tions of x(T). Detailed studies on the activities were carried
out in the temperature range of 643–923 K by Mikula [11]
using the EMF method. A global x(T) was given by IPPE
[7] for LBE as x(T) = �[446.97/T + 0.2026]. Comparisons
between the correlation by IPPE and by Moser, Prasad
et al. are shown in Fig. 2. Clearly, the three correlations
Fig. 2. Activities of Pb and Bi in LBE (55.0 at.% Bi) as a function of
temperature.



Fig. 3. Comparisons between the kinematic viscosities of liquid lead,
bismuth and LBE.
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agree very well as shown in the figure. Considering when
using LBE as a nuclear coolant, the working temperature
of LBE is in the range of 623–823 K, the relation developed
by IPPE is recommended.

2.3. Physical properties of lead–bismuth eutectic

Lead and lead–bismuth eutectic emerged as leading can-
didates for nuclear coolant and high-power spallation tar-
gets [14,15] because of their high atomic numbers, low
melting points and high boiling points (1725 �C for pure
lead and 1670 �C for LBE) [16]. LBE has exceptional chem-
ical, thermal physical, nuclear and neutronic properties
well suited for nuclear coolant spallation target applica-
tions [17]. In particular, lead–bismuth alloys do not react
with air (oxygen) and water violently, which enhances the
safety of lead-alloys-cooled reactors [16]. The liquid binary
alloy of lead and bismuth (LBE) is also thermodynamically
near the ideal solution [18].

Density and viscosity are two important physical prop-
erties of LBE as a nuclear coolant and relevant to corro-
sion influenced by hydrodynamic conditions. Both of
them are functions of temperature. Generally, density q
and dynamic viscosity l can be written as

qðT Þ ¼ ðAq � BqT Þ � 103; ð4Þ
lðT Þ ¼ Al � 10�3 expðE=RT Þ; ð5Þ

where A, B and E are constant, R = 8.314 J K�1 mol�1 is
the gas constant. It was reported for pure lead:

Aq ¼ 11:4478 kg m�3; Bq ¼ 0:00131 kg K�1 m�3 ½19�;
Al ¼ 0:5449 kg m�1 s�1 and E ¼ 7694 J mol�1 ½20�;

for pure bismuth:

Aq ¼ 11:7393 kg m�3; Bq ¼ 0:00127 kg K�1 m�3 ½21�;
Al ¼ 0:4380 kg m�1 s�1 and E ¼ 6432 J mol�1 ½22�;

and for LBE:

Aq ¼ 11:060 kg m�3; Bq ¼ 0:00122 kg K�1 m�3 ½23�;
Al ¼ 0:4656 kg m�1 s�1 and E ¼ 6428 J mol�1 ½24�:

A detailed review of data on pure lead and bismuth was gi-
ven in Ref. [25]. Other data for LBE can be found in Refs.
[16,26,27]. The kinematic viscosity t is calculated by t =
l/q.

Fig. 3 compares the kinematic viscosity of LBE with
that of liquid lead and bismuth based on Eqs. (4) and
(5). It is shown that pure liquid lead has the largest kine-
matic viscosity, while pure liquid bismuth has the smallest
one at the same temperature. The correlation results for
LBE agree very well with the experimental results reported
by IPPE (1955, Ref. [26]). All kinematic viscosities decrease
with increasing temperature. Since a smaller kinematic vis-
cosity results in a higher Reynolds number, decreasing
kinematic viscosity with temperature results in higher cor-
rosion rates in mass diffusion-limited situations.
Another set of important properties of lead–bismuth
alloys are the diffusion coefficients of lead and bismuth in
their alloys. The diffusion coefficient of each component
is important for understanding the transport kinetics and
also for design of equipments for diffusion-limited operat-
ing conditions. Mutual diffusion coefficients were measured
by Tanigaki et al. [28] for different fractions of Bi in the
alloy. Other measured diffusion coefficients of Bi and Pb
in their liquid alloys can be found in Refs. [29–31].

3. Corrosion by lead–bismuth eutectic

3.1. Mechanisms of liquid metal/alloy corrosion

Loss of steels in liquid Bi, Pb or LBE occurs primarily
through dissolution of steel components into the liquid
when there is no erosion due to the flow. The main driving
force for liquid metal corrosion is the chemical potential
for dissolution of all solid surfaces in contact with the liq-
uids [32]. The compositional and microstructural changes
due to selective dissolution and intergranular corrosion
can lead to material failures [33]. The dissolution rate
depends on the liquid media, the ratio of the surface area
of the solid metal to the volume of the liquid metal in a sta-
tic solution, the flow rate in a dynamic solution, the surface
conditions of the steel, the content of interstitial impurities
such as oxygen and nitrogen in the liquid metal/alloy and
the compositions of the solid materials [34].

There are two types of corrosion (Fig. 4): uniform and
local [34]. Uniform corrosion is characterized by the uni-
form damage at the surface of the solid phase by the liquid
metal/alloy. For the local corrosion such as intergranular
penetration, the liquid metal can penetrate into the solid
materials in the areas where zones with a high density of
crystal structure defects reaching the surface. The local cor-
rosion front moves along grain boundaries, the specific
crystallographic directions, vacancies and pores, the previ-
ously formed defects (Fig. 4(b)–(f)). The penetration of the
liquid metal into solid metals can redistribute the intersti-
tial impurities between the solid and liquid phases [35].



Fig. 4. Diagram of corrosion damage of metals in liquid metal media: (a) uniform corrosion; (b) penetration along the grain boundaries; (c) along the
specific crystallographic direction; (d) along vacancies and pores; (e) and (f) along previous formed defects [34]. LM represents the liquid metal.
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When liquid metals flow over solid material surfaces,
corrosion is accelerated by the velocity of liquid metals.
This is termed as flow accelerated corrosion (FAC) [36].
There are a number of mechanisms for interactions
between the flow and dissolution. The combination of
different mechanisms results in four main types of flow
accelerated corrosion (Fig. 5): mass transport-controlled
corrosion, phase transport-controlled corrosion, erosion–
corrosion and cavitation–corrosion [37]. Mass transport-
controlled corrosion occurs when the flow velocity is low.
The mass transfer rate (combined effects of convection
and diffusion) is less than the dissolution rate of the solid
metal into the liquid metal at the interface, and the corro-
sion rate is determined by the mass transfer rate. For these
cases, the corrosion product concentration near the solid/
liquid interface equals the saturation or equilibrium con-
centration. For multi-phase flows or highly turbulent flows,
the aggressive particles in the liquid moving along the pro-
tective film surface or the high shear stress at the interface
can strip the protective films or wear them away, reducing
the thickness of the protective film and leading to erosion–
corrosion. In the areas where the flow changes its direction
sharply, such as sudden expansions or elbows, the liquid or
the aggressive particles are thrown against the surface of
Fig. 5. Representation of the four main types of flow affected corrosion
[37].
solid metals, which results in a higher wear rate. Cavitation
corrosion occurs when there are cavitation bubbles in the
flowing liquid metals and the bubbles collapse on solid
metal surfaces. The collapse creates microjets of the liquid
metal to the solid metal surface, producing high local pres-
sure and destroying the surface. This behavior can lead to
brief high stress in the solid metal, causing localized corro-
sion fatigue damage and environmentally assisted micro-
fractures of the solid metal.

3.2. Factors affecting structural materials corrosion in LBE

Liquid metal corrosion process may involve the follow-
ing four processes [34]:

1. Dissolution of the solid materials into the liquid metal.
2. Thermal and concentration gradient assisted mass trans-

fer in liquid and solid.
3. Redistribution of the interstitial impurities between the

solid and liquid metals.
4. Diffusion penetration of liquid metals into solid metals

with formation of solid solutions or new phases.

The operating conditions determine which process domi-
nates. Factors affecting one of the above processes should
affect the corrosion rate. These factors are divided into
three groups [34]: corrosion, metallurgical, and technolog-
ical. The corrosion factors include the chemical composi-
tion of the liquid metal and its impurity contents, the
flowing conditions (the pressure and the flow velocity),
the temperature and its profile, the exposure time, etc.
The metallurgical factors include the purity of the solid
metals, alloying, and the structural state and microstruc-
ture of solid materials. The technological factors include
the stress state, formation of new phases associated with
machining, welding, assembling of structures, and the load-
ing conditions [34].

3.3. Solubility of metals in Bi, Pb and LBE

Solubility of iron, chromium and nickel in lead, bismuth
and LBE plays an important role in corrosion phenomena



Table 1
Solubility data of Ni, Fe and Cr in LBE, Bi and Pb

logcs (wppm) = Ac � Bc/T

Metal Liquid Ac Bc Temperature (K) Reference

Fe Pb 4.34 3450 673–873 [38]
Bi 5.69 3490 [38]
LBE 6.01 4380 823–1053 [39]

Cr Pb 7.88 6948 600–1517 [40]
Bi 5.47 3580 [38]
LBE 3.98 2280 673–1173 [39]

Ni Pb 5.30 1381 600–1517 [40]
Bi 5.66 1400 [38]
LBE 5.53 843 673–1173 [39]

Fig. 7. Variations of the solubility of Fe in lead–bismuth alloy with the
composition of the alloy at different temperatures [38]. The Fe solubility
decreases with increasing bismuth fraction, indicating that the dissolution
corrosion properties of LBE are mainly from bismuth.
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when using such liquid metals/alloys as nuclear coolants.
Experimental measurement of solubilities of potential con-
tainment materials has been carried out since 1950s [16].
Solubilities of various metals in liquid bismuth were sum-
marized by Weeks [38]. However, solubility data of metals
in liquid lead and LBE are scarce. IPPE [39] published
some correlations of various metal solubilities in LBE,
and Alden et al. [40] published some correlation for solubil-
ity in liquid lead. Various experimental technique for deter-
mination the metal solubility in liquid metal were described
in detail in Ref. [40]. Generally, the saturation solubility of
a metal in LBE, lead and bismuth can be written as

logðcs;wppmÞ ¼ Ac þ Bc=T ðKÞ; ð6Þ
where Ac and Bc are constant. Recommended values of the
two constants for Fe, Cr, and in liquid LBE, bismuth and
lead are given in Table 1.

The solubility curves of Fe, Cr, and Ni in LBE are
shown in Fig. 6. For comparisons the solubility curves in
liquid lead are also shown in the figure. The figure indicates
that the solubility increases quickly with increasing temper-
Fig. 6. Solubility curves or Fe, Cr, and Ni in liquid lead and LBE.
ature. The solubility of Ni in LBE is much higher than that
of Fe and Cr, indicating that Ni content in steels used for
container of LBE needs to be reduced or the steel needs
to be protected to increase the corrosion resistance. The
solubility of Fe, Cr and Ni in LBE is always greater than
that in liquid lead as shown in the figure.

The dependence of Fe solubility in the liquid lead–bis-
muth alloy on the lead content is shown in Fig. 7 [38]. As
shown in the figure, the Fe solubility decreases with
increasing lead fraction in the liquid lead–bismuth, indicat-
ing that at the same operation condition the liquid lead is
less corrosive than LBE does. However, the pure lead melt-
ing point is higher than that of LBE and a higher operation
temperature is needed if liquid lead is used as a nuclear
coolant.
3.4. Species diffusion in LBE

Corrosion products dissolved into LBE at surfaces are
transported in LBE for sustaining corrosion or it stops
when the concentrations reach the saturation limits. For
static corrosion tests, the transport process is mostly diffu-
sion that depends on the corrosion product concentration
gradient and the corrosion product diffusion coefficient in
LBE. When the dissolution rate is less than the diffusion
rate, the diffusion is fast enough to take all the dissolved
species and the corrosion rate is determined by the dissolu-
tion rate. Otherwise, the concentration at the interface is
always at saturation and the corrosion rate is determined
by the diffusion rate. In liquid metal systems there is good
evidence that both cases described above occur [41]
depending on both the solution and solute.

The diffusion coefficient is a function of temperature. To
our best knowledge, there are no experimental correlations
for the temperature dependent diffusion coefficients of Fe,



Fig. 8. Velocity effects on the corrosion rate [44].
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Ni, Cr in LBE. A single value for iron was reported in the
literature [42]: DFe!LBE = 2.27 ± 0.11 · 10�9 m2 s�1 at
750 �C. This value is almost same as that of iron in pure
lead DFe!Pb = 2.80 · 10�9 m2 s�1 [43] at the same temper-
ature. Therefore, Balbaud-Celerier and Barbier [44]
assumed that it was reasonable to use the diffusion coeffi-
cient of iron in liquid lead for the coefficient in LBE, and
the diffusion coefficient of iron in LBE can be calculated
using the correlation for lead developed by Robertson [43]:

DFePb ½m2=s� ¼ 4:9� 10�7 exp � 44100� 6300

RT

� �
: ð7Þ

Treating the liquid metal as a continuum, the hydrody-
namic theory of diffusion [45] developed a correlation
between the diffusion coefficient and the dynamic viscosity
by balancing the driving force and the friction force exerted
on an atom that has hard sphere shape. The Stokes–
Einstein equation is

D ½m2=s� ¼ kT
6prl

; ð8aÞ

where k [J K�1] is the Boltzmann constant and r [m] is the
radius of the diffusion atom. The Eyring equation [46] takes
the discontinuity in ‘jump-distance’ into account and the
diffusion coefficient is written as [47]

D ½m2=s� ¼ kT
2rl

: ð8bÞ

Another correlation is the Sutherland–Einstein equation
[44]:

D ½m2=s� ¼ kT
4prl

: ð8cÞ

It was reported by Guminski [48] that diffusion coefficients
of dissolved metals in liquid metal/alloy solvents are within
one order of magnitude at a given temperature; large differ-
ences depending on the solvent metal/alloy cannot be ex-
pected based on the Sutherland–Einstein equation.

At 750 �C, Eqs. (8a)–(8c) predict the values of Fe diffu-
sion coefficient in LBE are (6.69, 63.05, 10.04) · 10�9 m2/s,
respectively. Comparing to the experimental results [43], it
seems that the Stokes–Einstein equation (Eq. (8a)) is better
suited to calculate the species diffusion coefficient in LBE.
For pure liquid lead at 750 �C, Eq. (7) predicts the Fe
diffusion coefficient is in the range of 1.31–5.75 · 10�9 m2/s,
while Eq. (8a) predicts a value of 4.94 · 10�9 m2/s. There-
fore, Eq. (8a) may be employed to calculate the Fe diffusion
coefficient in LBE and lead.

The oxygen diffusion is particularly important in an oxy-
gen controlled LBE system and this will be discussed in
Section 4.2.

3.5. Mass transfer

In a static isothermal system, transport of corrosion
products from surfaces to bulk liquid metals is determined
by diffusion. The corrosion process stops when the liquid is
saturated with the corrosion products. The situation is
quite different in a flowing system. Corrosion products
can be transported by both diffusion and convection. The
flowing liquid takes corrosion products from corrosion
locations to other places where the corrosion products
may deposit. Among external factors influencing corrosion,
the flow velocity is of the most importance [49]. The effects
of the flow velocity for single-phase flow may be summa-
rized as the following [44] (Fig. 8):

1. At low velocities, the corrosion is controlled or partially
controlled by mass transfer, in other words, the dissolu-
tion rate is greater than the mass transfer rate and the
corrosion product interface concentration is at satura-
tion or equilibrium. In such cases, the thickness of the
laminar mass transfer layer becomes thinner with
increasing velocity and as a result the corrosion rate
increases.

2. When the velocity exceeds a critical value, the mass
transfer rate becomes high enough to transport all the
corrosion products away for the interface. Then the cor-
rosion rate is determined by the dissolution/reaction
rate and independent of the flow velocity. The corrosion
is activation controlled.

3. For very high velocities, the high shear stress at the
interface can strip the protective film on the surface of
the structure. Some cavities appear at the interface and
corrosion rate increases sharply with the flow velocity.
For heavy liquid metals/alloys such as LBE, erosion–
corrosion is likely to occur at moderately high velocities
due to their high densities.

In practical nuclear coolant system designs, 2 and 3 should
be avoided due to rapid and non-uniform corrosion and
erosion–corrosion. Therefore, most of the corrosion studies
performed for liquid metals/alloys are in the mass transfer
controlled regime.

In non-isothermal flowing LBE systems, corrosion prod-
ucts in the hot sections can come out of LBE at some other
sections. The corrosion product coming out can exist in the
following states [41]:
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1. The corrosion products deposit on the walls and tightly
adhere. A crystal of solute material colliding with the
wall and sticking serves as a nucleation center for fur-
ther deposition. The deposition leads to a small flow
area and a higher deposition rate. Once deposition
occurs at some location, the feedback is positive and
the deposition could block the flow in the long-term run.

2. The corrosion product coming out the solution contin-
ues to float around in suspension owing to Brownian
motions and the fluid flow. The suspension would
become more and more concentrated as the process con-
tinues, and it is conceivable that it may slow and even-
tually plug the systems. In this case, the plug may
occur in any location including the hot leg where mate-
rials are dissolved.

3. The solid particles come out of the solution. They are
small enough to remain in suspension. When they are
carried into the hot zone, due to their small sizes and
greater specific surface areas, dissolve at a rate fast com-
pared to that of the wall materials. In this case, the wall
would be protected.

The mass transfer of corrosion products in flowing liquid
metals/alloys is a complex process. In most of the existing
studies on liquid metal corrosion, precipitation/deposition
is not adequately considered. Most of the LBE test loops
are built for studying materials corrosion. However, sec-
tioning the loops after extended tests may provide valuable
information on deposition/precipitation.

3.6. Temperature effects

The dissolution/chemical reaction rates, the corrosion
product diffusion coefficients in solid and liquid alloys
and the liquid metal viscosity are functions of temperature.
Increasing temperature results in higher dissolution rates,
higher solubilities, higher diffusion coefficients, and smaller
viscosities. These changes all lead to higher corrosion rates.
A sustained corrosion process can only occur in a non-iso-
thermal system such as nuclear coolant systems [50]. In a
closed loop system, without temperature gradients, species
concentration would eventually reaches a homogeneous
distribution and no further corrosion would occur. With
temperature gradients, steel elements will be dissolved from
the hot legs, transported to locations with lower tempera-
tures, and precipitate. As the temperature gradient
increases, attacks in hot sections of loops become more
severe [49]. Precipitation in colder areas can accelerate cor-
rosion in the hot sections [33]. Even for loops have the
same highest temperature and other hydraulic parameters,
the corrosion rates can be different if the loops are operated
under different streamwise temperature profiles [51].

3.7. Approaches for mitigating corrosion

The general approaches to reduce the corrosion of struc-
ture materials in LBE system are:
1. Improving anti-corrosion properties of the structure
materials.

2. Reducing corrosive effect of the LBE, such as by adding
inhibitors or controlling oxygen.

Here we are primarily interested in the second approach.
Inhibitors are very effective in reducing the corrosion of
steel by forming, for example, carbide and nitride films
on the steel surface [52]. Zirconium in Bi [53] and LBE
[54] is an effective inhibitor against corrosion of low-alloy
steels. The required concentration of titanium is slightly
more difficult to maintain than that of zirconium [52].
The insoluble films formed on the steel surface by the inhi-
bition process change the rate-controlling step from liquid-
phase diffusion to diffusion of the dissolving atoms through
the film [16]. However some of these films are brittle and
tend to spall, baring fresh surfaces to corrosion. Thus
inhibitors must remain in the liquid at all times to insure
restoration of the films in spalled areas [53]. On the other
hand, if these inhibitors are used during the spallation tar-
get operations, a variety of spallation products, built up by
the interaction of high-energy protons with the target mate-
rial, will react with the inhibitors in LBE, which may
reduce the beneficial effects of the inhibitors [52].

In Russia’s heavy liquid metal coolant technology, oxy-
gen was found to be an effective non-metallic inhibitor for
LBE system and the oxygen control technique [55] has been
developed and applied to form protective oxide layers on
steel surfaces to reduce the corrosion rate.

The active oxygen control technique exploits the fact that
lead and bismuth are chemically less active than the major
components of steels, such as Fe, Ni, and Cr as well as Si.
By carefully controlling the oxygen concentration in LBE,
it is possible to maintain a protective oxide film on the
structural surfaces, while keeping lead and bismuth from
excessive oxidization that can lead to precipitation contam-
ination. The oxide film effectively separates the substrates
from LBE. Once this oxide film is formed on the structure
surface, the direct dissolution of the structural materials
becomes negligible because the diffusion rates of the alloying
components are very small in the oxides [50].

As an example, the effect of oxygen in liquid lead on the
corrosion behaviors of austenitic steel at 550 �C is shown in
Fig. 9 [56]. For oxygen concentration below 10�7 at.% in
lead, corrosion is determined by dissolution of alloy com-
ponents because no effective oxide layer was formed and
the corrosion rate increases significantly with decreasing
oxygen concentration. Otherwise, at an oxygen concentra-
tion above 10�6 at.%, oxide films forms on steel surfaces
that can prevent the direct dissolution of alloy components.
The oxide film thickness depends strongly on the oxygen
concentration, and with oxygen concentration increasing,
heavy oxidation results in deep corrosion attack as shown
in the figure. Therefore, to avoid heavy dissolution and oxi-
dation as well as to remain/restore the protective oxide
films, the oxygen concentration in lead alloys needs to be
actively controlled.



Fig. 9. Oxygen concentration effects on corrosion behavior of steels in
flowing pure lead after 3000 h at 550 �C [56].
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Controlling oxygen in LBE primarily uses gases-in and
gases-out processes (although other methods such as solid
phase oxygen control are under development), and it is
comparatively more feasible and easier to measure oxygen
activity by electrochemical methods. Hence in developing
LBE technology, we are primarily interested in this
approach.

It should be noted that inhibition efficiency of control-
ling oxygen depends not only on the oxygen concentration
at the surface, but also explicitly on steel/oxide composi-
tions/microstructures. From the materials perspective,
higher concentrations of alloying elements that can form
stable, adherent and dense oxides should reduce the oxida-
tion rate. Consequently, for ferritic/martensitic steels,
higher concentrations of Cr, Si, or Al result in lower oxida-
tion rate and thinner oxide layers.
4. Active control of oxygen in lead–bismuth alloy

4.1. Thermodynamics of oxygen in lead–bismuth alloy

The dissolution of oxygen into liquid lead–bismuth alloy
can be expressed as the following chemical reaction:

1=2O2ðgasÞ ¼ OðalloyÞ: ð9Þ

At equilibrium, the chemical potential of oxygen (gas) is
the same as that of oxygen in the alloy. Accordingly, we
have [57]:

1=2GO2
¼ GO; ð10Þ

where GO2
is the Gibbs energy of O2 and GO is the partial

energy of O in the alloy or the chemical potential of O. If a
standard reference is used (pure O2 at 1 atm), Eq. (10)
becomes

P 1=2
O2
ðgasÞ ¼ aOðalloyÞ ¼ cOX O; ð11Þ

where P 1=2
O2

is the partial pressure of O2 contacting with
LBE, aO is the activity and XO is the atom fraction of O
in the liquid alloy, respectively, cO is the activity coefficient.
According to Wagner [58], the activity coefficient can be ex-
pressed in the following Taylor series:

ln cO ¼ ln c0
O þ

o ln cO

oX O

� �
X O þ

1

2

o
2 ln cO

oX 2
O

� �
X 2

O þ � � �

þ 1

n!

o
n ln cO

oX n
O

� �
X n

O � � � ; ð12Þ

where c0
O is independent of the oxygen concentration in the

alloy. In LBE, the atom fraction is always very small, i.e.
XO� 1. Then the interactions among the oxygen atoms
can be neglected, or the higher order terms of XO in Eq.
(12) can be omitted. For such cases, the activity coefficient
cO is independent on the oxygen concentration and
cO � c0

O.
In the following discussion we chose the oxygen satura-

tion state as the standard state for oxygen activity. For
such a standard state, the oxygen activity in LBE can be
calculated as

a	O ¼
X O

X O;s

¼ c	OX O; ð13Þ

where XO,s is the saturation oxygen atom fraction in the al-
loy and c	O ¼ 1=X O;s.

Experimental results on the measurement of the oxygen
activity in liquid lead–bismuth alloys are scarce comparing
to that in pure liquid lead and bismuth. Taskinen [59] mea-
sured the oxygen activity in lead–bismuth alloys in the tem-
perature range from 1073 K to 1173 K. By adding bismuth
up to 55% atom fraction, the effects of bismuth on the oxy-
gen activity were examined. Otsuka et al. [60] examined the
entire range of the lead–bismuth alloy compositions at
1073 K. Anik and Frohberg [61] examined the thermody-
namics of oxygen in lead–bismuth alloy at 1173 K. Com-
parisons between the theoretical and experimental results
can be found in Ref. [57].
4.2. Solubility and diffusivity of oxygen in LBE

The solubility of oxygen in LBE is a function of temper-
ature and can be expressed as [62]

log CO ½wt%� ¼ 1:2� 3400=T ½K�; ð14aÞ

in the temperature range of 400–700 �C. Alternatively, for
the solubility expressed in atomic percent (mole fraction):

log X O ½at:%� ¼ 2:3� 3400=T ½K�: ð14bÞ

The solubility of oxygen in pure liquid lead was measured
by Szwarc et al. [63], Alcock and Bedford [64] and Charle
and Osterwald [65], and the solubility in pure liquid bis-
muth was measured by Fitzner [66], Hahn and Stevenson
[67], Heshmatpour and Stevenson [68]. Comparisons be-
tween the solubility of oxygen in lead, bismuth and LBE
are shown in Fig. 10. Most of the LBE corrosion test facil-
ities are operated in the temperature range of 623 K <
T < 823 K. Fig. 10 indicates that the solubility of oxygen



Fig. 10. Oxygen solubility in LBE, pure lead and pure bismuth.

Fig. 11. Oxygen diffusion coefficient in LBE, lead and bismuth. (a)
Dependence of diffusion coefficient on concentration difference for
different LBE masses (ratio surface/volume) at 430 �C, with CO0

= initial
concentration and CO1

= final concentration [70]. (b) Oxygen diffusion
coefficient in LBE, liquid lead and liquid bismuth with temperature.
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in LBE is greater than that in pure lead and less than that
in bismuth in this temperature range.

The oxygen partial pressure in equilibrium with oxygen
saturated in LBE can be calculated through the equilibrium
of the following reaction in LBE:

PbþO ¼ PbO: ð15Þ

At equilibrium

DF PbO ¼ �RT ln
aPbO

aOaPb

� �
¼ �RT ln

aPbO

P 1=2
O2

aPb

 !
; ð16Þ

where DFPbO [J/mol] is the standard free energy of forma-
tion of the oxide. The free energy is a function of temper-
ature and can be found from the oxide handbook [69].
When oxygen is saturated, PbO begins to precipitate from
the eutectic and its activity becomes unity, that is aPbO = 1.
The saturation partial pressure of oxygen is expressed as

P O2;s ¼ a�2
Pb exp

2DF PbO

RT

� �
: ð17Þ

Correspondingly, the oxygen partial pressure in equilib-
rium with oxygen saturated in pure liquid lead and pure li-
quid bismuth can be expressed as

P O2;sðPbÞ ¼ exp
2DF PbO

RT

� �
; ð18Þ

P O2;sðBiÞ ¼ exp
2DF Bi2O3

3RT

� �
: ð19Þ

Knowing the oxygen partial pressure and the saturation
concentration, the activity coefficient of oxygen in LBE
can be calculated as cO ¼ P 1=2

O2;s
=X O;s.

Based on Eqs. (16) and (17), the activity of PbO dis-
solved in the liquid metal can be expressed as

aPbO ¼
aO

aO0s
¼ X O

X O;s

¼ CO

CO;s

ðX O;CO � 1Þ: ð20Þ

Another important property for oxygen in LBE is the
mass diffusion coefficient. To our best knowledge, there is
no experimental correlation for this diffusion coefficient.
The reported measurement conducted by Lefhalm et al.
[70] indicated that the oxygen diffusion coefficient
depended on the oxygen concentration difference and the
different LBE masses (surface/volume ratio) at 430 �C.
The result is shown in Fig. 11(a) [70]. The results indicated
that the coefficient is around 10�7 m2/s and depends on
ratio between surface and volume and the oxygen concen-
tration. Recently, a correlation for oxygen diffusion in LBE
was given by Ganesan et al. [71]. Compared with the scarce
data of oxygen diffusion in LBE, for the diffusion coeffi-
cients of oxygen in pure liquid lead and bismuth, there
are several correlations, such as in Refs. [63,72,73] for lead
and in Refs. [66,68] for bismuth. Fig. 11(b) shows the oxy-
gen diffusion coefficients in LBE, lead and bismuth
obtained from the various experimental correlations. The
figures shows that the oxygen diffusion coefficient in LBE
is larger that that in liquid lead and bismuth.
4.3. Oxygen control system

The oxygen control technique developed in Russia
[55,62] promotes the formation of protective oxide layers
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on steel surfaces to prevent direct dissolution of metals and
oxide precipitation in the eutectic by carefully controlling
the oxygen concentration in LBE. Based on Eq. (17), to
prevent the precipitation of PbO, the oxygen partial
pressure must satisfy the criterion RT ln P O2

< 2DF PbO�
2RT ln aPb. To obtain the needed partial pressure of form-
ing the protective oxide layer based on Fe3O4, we assume
that the following reaction occurs at steel surfaces at
equilibrium:

3Feþ 4O ¼ Fe3O4 ð21Þ

then we get

DF Fe3O4
¼ �RT ln

aFe3O4

a4
Oa3

Fe

: ð22Þ

Iron is the main composition of the steels that are used for
container of LBE, so it is reasonable to set aFe � 1, and
aFe3O4

¼ 1 for continuous films. To form a solid protective
oxide layer, the oxygen partial pressure must satisfy
RT ln P O2

¼ RT ln a2
O > 1=2DF Fe4O3

. Therefore, for LBE
the oxygen partial pressure should be controlled in the
range:

1=2DF Fe3O4
< RT ln P O2

< 2DF PbO � 2RT ln aPb: ð23Þ

For pure liquid lead, the activity of Pb is unity, i.e. aPb = 1.
Then

1=2DF Fe3O4
< RT ln P O2

< 2DF PbO: ð24Þ

Eqs. (23) and (24) indicate that the lower limits of the oxy-
gen partial pressure for forming the protective oxide layer
are the same. The only difference between the upper limits
is the term related to the Pb activity in LBE. The limit of
the oxygen partial pressure (equaling the saturation partial
pressure) is shown in Fig. 12. The figure indicates that the
activity of Pb in LBE has little influence on the partial pres-
sure. In fact, in the right hand side of Eq. (23), the second
term containing the activity of lead in LBE is much smaller
than the first term.

Based on Eqs. (16) and (20), we obtain the relation
between the oxygen concentration and the oxygen partial
pressure as
Fig. 12. Oxygen partial pressure in equilibrium with saturated oxygen, in
LBE, lead and bismuth.
ln P O2
¼ 2ðln CO � ln CO;sÞ þ 2DF PbO=RT � 2 ln aPb: ð25Þ

Therefore the oxygen concentration in LBE should be kept
in the range:

CO;saPb exp
DF Fe3O4

� 4DF PbO

4RT

� �
< CO < CO;s; ð26Þ

or equivalently oxygen activity of oxygen in LBE should be
kept in the range:

aPb exp
DF Fe3O4

� 4DF PbO

4RT

� �
< a	O < 1: ð27Þ

The upper and lower limits of oxygen concentration in
LBE and liquid lead are shown in Fig. 13. One way to con-
trol the oxygen level is to control the oxygen partial pres-
sure using cover gas systems such as H2/O2/H2O and
CO/O2/CO2. The former is particularly attractive since
the hydrogen can be used to reduce PbO contaminant as
well [74]. In the H2/O2/H2O system, at the stable state,
the oxygen partial pressure can be calculated as

P O2
¼ P H2O

P H2

� �2

exp
2DF H2O

RT

� �
: ð28Þ

Therefore, the oxygen partial pressure is determined
through controlling the ratio of the partial pressures of
H2O and H2. According to Eq. (23), P H2O=P H2

should be
controlled in the range:

1=4DF Fe3O4
� DF H2O < RT lnðP H2O=P H2

Þ
< DF PbO � DF H2O � RT ln aPb: ð29Þ

The upper and lower limits of the ratio P H2O=P H2
are

shown in Fig. 14, as well as the constant oxygen concentra-
tion lines. In the typical operating temperature range (350–
550 �C) of an LBE loop, the maximum oxygen concentra-
tion in LBE is the saturation concentration at which is
5.5 · 10�5 wt%, corresponding P H2O=P H2

¼ 103:13; the min-
imum oxygen concentration is the minimum concentration
that the magnetite film can form at which is 7.19 ·
10�9 wt%. Taking into account all of these, the reasonable
Fig. 13. Upper and lower limits of oxygen concentration in LBE (solid
lines) and pure lead (dashed lines).



Fig. 14. H2 and H2O mixture in the cover gas for controlling oxygen level.
The thick lines are the upper and lower limits of P H2O=P H2

. The thin lines
are for constant oxygen concentration. The typical operating temperature
range for LBE loop and the reasonable partial P H2O=P H2

are shown in the
gray area. CO [wt%] = 5.5 · 10�5 is the saturated oxygen concentration at
350 �C; CO [wt%] = 7.19 · 10�9 is the lowest oxygen concentration for
forming magnetite film at 550 �C.
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ratio P H2O=P H2
in the cover gas of a non-isothermal LBE

loop with an operating temperature range (350–550 �) can
be determined (gray area in Fig. 14).

Another simple graphic illustration of the proper oxygen
control parameters is to draw a the Ellingham diagram that
contains oxygen potentials of the relevant oxides PbO,
NiO, Fe3O4 and Cr2O3 and the lines for constant oxygen
partial pressures and constant P H2O=P H2

ratios as function
of temperature. Such a diagram, demonstrating in which
region the stable conditions exist and how they can be
established, was given in Ref. [75] for pure lead system.
Taking into account of the activity of lead in LBE, the
refined Ellingham diagram for LBE was given in Ref. [76].

It is necessary to notice that the low limit of the oxygen
concentration in Eqs. (26) and (27) is calculated based on
the assumption that the oxygen level should be enough to
form Fe3O4. However, the protective oxide films depend
on the steel composition strongly and other factors such
the surface treatment of the steel, so the critical oxygen
concentration for forming the protective oxide layer will
be different for different materials. In the present review,
as an example, we focus on the common stainless steel
for which the protective layer is mainly composed of Fe–
Cr based oxide layer and that is why we assume the critical
oxygen level is the formation of Fe3O4.
4.4. Oxygen sensor

For measuring the oxygen level in LBE, several types of
oxygen sensors are under development [77–81]. In electro-
chemical terms, the sensor can be represented by the
following equation:
P 0O2
or a0O==solid electrolyte==O; PbO ðliquid metalÞ;

where superscript prime denotes the reference, and the so-
lid electrolyte is typically yttrium-stabilized zirconia
(YSZ,ZrO2–Y2O3). For fixing the oxygen activity or partial
pressure of the reference, pure oxygen ðP 0O2

¼ 1Þ or air
(P 0O2

¼ 0:21, the standard state is pure O2 at 1 atm) as gas
reference or metal/metal oxide buffers such as In/In2O3,
Bi/Bi2O3, Sn/SnO2, Cu/Cu2O and many others so-called
coexistence electrodes of that types have been used world-
wide [78]. The reference electrode of Bi/Bi2O3 with satu-
rated oxygen have been used successfully in Russia [7,55]
and such sensors are under development and testing in
lead-alloy coolant technology development program in
the Los Alamos National Laboratory [81]. Therefore, we
will limit the analysis to such sensors. For analysis on other
types of sensors (In/In2O3, Sn/SnO2, Pb/PbO), one can
refer to Refs. [77,78,80].

In the reference electrode, the reaction is

2Biþ 3O ¼ Bi2O3:

For the equilibrium state, the oxygen partial pressure can
be expressed as

ðP 0O2
Þ1=2 ¼ a0O ¼ exp

DF Bi2O3

3RT

� �
: ð30Þ

At the working electrode, the oxygen partial pressure can
be calculated using Eq. (16). The electrochemical potential
E(V) is

E ¼ RT
2F

ln
P 0O2

P O2

� �1=2

¼ 1

2F
1

3
DF Bi2O3

� DF PbO � RT ln aPbO þ RT ln aPb

� �
;

ð31Þ

where F is the Faraday constant. Theoretically, it is ob-
tained [82]:

EPb ½mV� ¼ �367:81þ ð0:2896� 0:0431 ln CO ½wt%�ÞT ;
ELBE ½mV� ¼ �215:14þ ð0:0543� 0:0431 ln CO ½wt%�ÞT :

Substituting Eq. (20) into Eq. (31), we get

CO ¼ CO;s exp
1

RT
ð�2FE þ 1

3
DF Bi2O3

� DF PbOÞ þ ln aPb

� �
;

ð32aÞ

and by setting aPb = 1, we get

CO ¼ CO;s exp
1

RT
�2FE þ 1

3
DF Bi2O3

� DF PbO

� �� �
: ð32bÞ

Therefore, from the EMF reading of the oxygen senor, we
can determine the oxygen concentration level in LBE.

In order to form the protective oxide layer and to pre-
vent the precipitation of lead oxide, the signal of the sensor
should be in the following range:



Fig. 16. Comparison of the calculated (solid lines) and measured sensor
signals during operation of the DELTA Loop (symbols) [82].
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RT
2F

DF Bi2O3

3RT
� DF PbO

RT
þ ln aPb

� �

< E <
RT
2F

DF Bi2O3

3RT
� DF Fe3O4

4RT

� �
: ð33Þ

The maximum of the sensor corresponding to the minimal
oxygen level in LBE that can form the iron oxide (Fe3O4)
and the minimum of the oxygen sensor corresponding to
saturated oxygen. Based on Eq. (33), the minimum outputs
of sensor in liquid lead and LBE are [82]

Emin
Pb ½mV� ¼ 128:2� 0:0280T ;

Emin
LBE ½mV� ¼ 122:4� 0:0648T ;

and the maximum outputs are

Emax
Pb ½mV� ¼ Emax

LBE ½mV� ¼ 430:9þ 0:081T :

Corresponding to the Ellingham diagram, the A–C–T–E
(activity–concentration–temperature–EMF) diagram can
be drawn based on the above equations. Such diagrams
for liquid lead and LBE are given in Ref. [83]. The A–C–
T–E thermodynamic equilibrium diagram for a specific
sensor in LBE/lead can be used as an instrument for con-
trol, analysis, and diagnostics of technological and corro-
sion processes in a non-isothermal circulation system [83].

The refined (including the effects of the lead activity in
LBE) A–C–T–E diagram for Bi/Bi2O3 oxygen sensor is
given in Fig. 15. From this figure, it is easy to determine
the regime in which the oxygen sensor signal should be to
form the protective Fe3O4 film and prevent the precipita-
tion of lead oxides.

Comparisons between the measured EMF and the
expected theoretical values as a function of temperature
for different oxygen concentration are shown in Fig. 16
[82]. The experimental data are from DELTA loop at the
Fig. 15. A–C–T–E diagram for oxygen in LBE. The operating temper-
ature range for typical LBE systems and nominal oxygen sensor output
range are shown in the gray area. The activity of lead in LBE is taken into
account for the calculations.
Los Alamos National Laboratory. The figure indicates that
the output EMF values are linear in temperature and they
can be reproduced by the theoretical expression. The figure
also shows that the theoretical expression can be used to
convert the sensor signal into oxygen concentration with
reasonable accuracy.

5. Overview of experimental results

Early experimental results on the corrosion of steels in
LBE with or without inhibitors were well summarized in
a previous review [52]. Here, we focus on the recent exper-
imental results on steels exposed to flowing and static LBE
with or without oxygen control. The chemical composi-
tions of tested steels are given in Table 2.

5.1. Ferritic/martensitic steels

Corrosion tests of martensitic steels (IVc, T91, Batman
27 and 28, EP823, EM10) in flowing LBE with a velocity
about 2 m/s were carried out in an LBE loop at two tem-
peratures (573 and 743 K) for 1000, 2000 and 3000 h [84].
The oxygen level is approximately 10�6 wt%. No dissolu-
tion of steel components was found. The thickness of the
protective oxide layer increases with increasing tempera-
ture and exposure time. Except for Batman 27 and 28,
the oxide generally consists of two layers (Fig. 17) with a
porous outer layer (mainly Fe3O4) and a compact inner
layer [mainly spinel (Fe, Cr)3O4]. For Batman 27 and 28,
an oxygen diffusion layer is found beneath the inner oxide
layer. The oxide layer thickness depends on the composi-
tion of the steel. It is found that the thickness is ordered
as the following: EP823 < BA27 < T91 < BA28 < EM10 <
IVc, indicating that a high level of silicon in the steel can
enhance the oxidation resistance.



Fig. 17. Oxide structure of steel T91 after exposing to flowing LBE 3000 h
[84]. The experimental conditions are 743 K, 2 m/s LBE velocity and
0.01 ppm oxygen level. The oxide layer for such steel consists of two zones
with a porous outer layer (mainly Fe3O4) and compact inner layer (mainly
spinel (Fe, Cr)3O4). (a) SEM picture of a cross-section and (b) component
concentration profiles in the oxide layer.

Table 2
Chemical compositions of the tested materials (wt%)

Material Cr Ni Mo Mn V Nb W Ti Si C

1.4970 16.5 13.8 0.66 1.91 – – – – 0.89 0.46
316L 17.3 12.1 2.31 1.8 – – – – 0.35 0.02
Manet II 10.3 0.68 0.61 0.78 0.2 0.14 – – – 0.11
Manet 10.3 0.68 0.61 0.78 – – – – – 0.11
Optivier Iv c 9.1 – – 0.52 0.22 – 1.4 – – 0.12
EM10 9.0 0.1 1.0 0.5 – – – – 0.3 0.1
T91 wt% 8.26 0.13 0.95 0.38 0.2 0.075 – – 0.43 0.105
Batman 28 8.94 0.05 0.01 3.51 0.24 0.01 1.51 0.01 0.32 0.09
Batman 27 9.0 0.07 0.01 3.1 0.21 0.01 1.45 0.2 0.49 0.1
EP823 12 0.8 0.9 0.8 0.4 0.4 0.8 – 1.3 0.18
F82H 7.75 0.015 0.01 0.16 0.14 <0.01 – 0.004 0.23 0.1
Mod 9Cr–1Mo 8.41 0.06 0.88 0.4 0.2 – 0.0005 0.005 0.3 0.1
T-410 12.5 0.34 – 1 – – – – 1 –
EP302 16 10 – 0.8 – 1 – – 3 0.12
HT9 11.5 0.5 – 0.6 – – – – 0.4 –
D9 17 12 – 2 – – – – 1 –
Mod F82H 7.8 0.04 – 0.18 0.16 <0.01 2 0.01 0.13 0.09
410ss 12.2 0.l2 0.02 0.8 0.07 – – 0.01 0.067 0.067
430ss 16.24 0.15 0.02 0.23 0.1 – – 0.01 0.52 0.08
JPCA 14.14 15.87 2.29 1.54 0.03 – 0.01 0.22 0.5 0.058
2.25Cr–1Mo 2.18 0.02 0.92 0.44 0.01 – – 0.01 0.34 0.1
F82H 7.72 0.02 <0.01 0.01 0.18 – 1.95 0.005 0.1 0.095
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The oxidation processes of IVc and EM 10 steels in flow-
ing pure lead were also examined in Ref. [85] at 673 K and
823 K with an oxygen level of 3–4 · 10�5 wt% for 3000 h.
The liquid velocity is 2 m/s. The oxide layer can reach
30 lm at 823 K that is much greater than that in Ref.
[84] for the same exposure time but different temperature.
Except for the double-layer oxide, an oxygen diffusion
layer was also observed for both EM10 and IVc steels. Still
the thickness of all three zones (two oxide zones and one
oxygen diffusion zone) formed on EM10 steel is smaller
that on IVc steel. The oxide layer is effective in preventing
the dissolution of the steel components.

T91 and EM10 steels were tested for 1000 h in flowing
LBE with an oxygen concentration of 10�6 wt% at 743
and 873 K [86]. At 873 K, comparing to the results from
test below 823 K, the thick oxide layer (20–25 lm) consists
of three zones: the outer zone is Fe–Cr spinel and the inner
zone is an oxygen diffusion zone, the intermediate zone is
localized and appears porous and heterogeneous and its
thickness varies. Decreasing the oxygen level to 10�7–
10�8 wt%, the oxide layer becomes thinner and the interme-
diate zone disappears, while the composition of the oxide
layer is similar to that of high oxygen levels. Weight losses
were also observed.

Tests of T91 steel were also carried out at oxygen level
between 3.1 · 10�10 and 7.3 · 10�8 wt% in the LECOR
loop at 673 K [87]. The oxygen level is too low to form
the oxide layer on the sample surface. So even at such
low temperature, dissolution and cavities were observed.
Weight change measurements indicate that the corrosion
rate is about 0.0029 lm/h. Liquid metal penetration was
detected.

Corrosion tests of MANET steel were carried out in sta-
tic LBE at 573, 673, 749 K [88] and 573, 673 and 823 K [89]
at saturated oxygen up to 5000 h. At 573 and 673 K. The



Fig. 18. Oxide structure of steel l.4970 after exposing to flowing LBE
3000 h [84]. The experimental conditions are: 743 K, 2 m/s LBE velocity
and 0.01 ppm oxygen level. The oxide layer for such steels is much thinner
than that of T91 steel under the same conditions. (a) SEM picture of a
cross-section and (b) component concentration profiles in the oxide layer.
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oxide layer has similar composition with those of other
martensitic steels tested in flowing LBE and the steel did
not suffer any dissolution corrosion attack. While at
823 K, the MANET steel specimens exposed to LBE exhib-
ited liquid metal corrosion, and the liquid metal penetra-
tion into the bulk of the steel was more severe with
increasing exposure time. Besides the dissolution of the
steel elements and the penetration of the LBE into the steel,
thin oxide scales were detected in a few places.

Experimental results on MANET steel in flowing LBE
with a velocity of 2 m/s were reported at 693 and 823 K
with an oxygen level of 10�6 wt% [90]. At 823 K, an effec-
tive protective oxide layer was formed and no steel element
dissolution was found, unlike the behaviors in the static
tests in Ref. [89]. In the static tests, oxygen reaches the steel
surface through diffusion that is very slow. Therefore, it is
possible that dissolution has already started before an
oxide layer can form at higher temperatures. In flowing
LBE, oxygen can quickly reach the surface through convec-
tion and the conditions favor the formation of the protec-
tive layer.

Short-term (100 and 665 h) static corrosion tests of
F82H-mod. steel samples with or without pre-oxidation
were carried out at 673 and 873 K [91]. For low oxygen
concentrations in LBE, dissolution of the samples without
pre-oxidation occurs and the pre-oxidation does not pre-
vent materials dissolution in time after the oxide film
decomposes. For high oxygen concentrations, pre-oxida-
tion improves the feasibility of the protective oxide layer
formed in LBE conditions. The oxide layer observed on
the pre-oxidation sample surface was quite homogeneous,
non-permeable to LBE comparing to that on the sample
without pre-oxidation.

F82H-mod. samples were also tested in a natural con-
vection loop at 773 K and a beginning oxygen level of
0.06 wppm for different exposure times [92]. The results
indicate that sustaining a pre-formed oxide layer needs a
smaller oxygen concentration than that for forming a
new oxide layer on smooth steel surfaces. At an oxygen
level between 0.003 and 0.004 wppm, it was found that
the temperature threshold for protective oxide layer forma-
tion was around 823 K for F82Hmod steel in static LBE.
Above 823 K, corrosion (dissolution) occurs and the
formation of the protective oxide layer is impossible [93].

Corrosion tests of HT-9 and T410 were carried out at
460 and 550 �C with oxygen concentration of 0.03–
0.05 wppm and flow velocity of 2 m/s [94,95]. For HT-9
steel specimens, double-layer oxide films formed on the
steel surfaces and no dissolution was observed after
3000 h at 550 �C. While for T410 steel specimens, only spi-
nel oxide films formed and the films were not uniform, and
heavy dissolution occurred even at the lower temperature
(460 �C). At 460 �C, the thickness of the film on HT-9 is
1–8, 12–14 and 14–16 lm after 1000, 2000 and 3000 h of
tests, respectively. At 550 �C, the thickness reaches an aver-
age value of 38 lm with some patches reaching 44 lm after
3000 h [94].
5.2. Austenitic steels

Austenitic steels have more Cr and Ni than martensitic
steels. Corrosion tests of AISI 316L and 1.4970 steels were
carried out in flowing LBE at an oxygen level of 0.01 ppm
at 573 and 743 K [84]. A very thin oxide layer (Fig. 18) on
the steel surfaces was found on specimens after 3000 h.
Other tests of 1.4790 steel indicated that the thin oxide
layer could also form at 643 K in flowing LBE with a veloc-
ity of 2 m/s at an oxygen concentration of 0.01–0.02 ppm
after 3116 h tests [96]. X-ray maps and concentration pro-
files show that there are not any changes in the distribution
of steel elements, indicating that the thin film (�1 lm) can
protect steels against dissolution corrosion.

Corrosion tests of 316L steel were carried out in flowing
LBE with a velocity of 2 m/s and an oxygen level of
0.01 ppm at 823 K up to 2000 h [90]. A double-layer oxide
film formed on the steel surfaces similar to the oxide struc-
ture on marstensitic steel surfaces, and no dissolution was
observed [90], indicating that the double-layer oxide film
can also protect the austenitic steel against dissolution at
823 K. Increasing the temperature to 873 K, deep liquid
metal penetration and massive ablation of material by ero-
sion were observed. Tests of 1.4970 steel with the same con-
dition showed that a continuous magnetite scale with a
spinel zone underneath formed on surfaces and precipita-
tion of the chromium was observed at the grain boundary
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at both 823 K and 873 K [90]. If the steel was surface-
alloyed by Al forming FeAl, no dissolution was observed
even at 873 K for both 1.4970 and 316L steels.

Corrosion attack of AISI 316L is reported at 873 K
under two oxygen levels of 0.01 ppm and 0.001 ppm [86].
For very low oxygen levels (<7.3 · 10�4 ppm), even at a
low temperature of 673 K, weight loss was found for AISI
316L samples after 1500 h of test. The dissolution rate is
estimated 1.52 · 10�5 mg/mm2 h that is less than that of
martensitic steel (T91) under the same conditions [88].

Corrosion tests of AISI 316L in static LBE were carried
out up to 1500, 3000, and 5000 h [89]. The oxygen concen-
tration was at saturation limit. At the lower temperatures
(573 and 673 K), thin oxide layers formed on steel surfaces
similar to the test results in flowing LBE at low tempera-
tures, and no dissolution was found. While at 823 K, the
steels were attacked by LBE and there were significant dis-
solution of alloy elements.

Corrosion tests of 316L and 316 steels were carried out
simultaneously at 460 and 550 �C with oxygen concentra-
tion of 0.03–0.05 wppm and flow velocity of 2 m/s
[94,95]. At the lower temperature of 460 �C, thin spinel
oxide films formed on both steels and no dissolution corro-
sion was observed. At the higher temperature of 550 �C, for
316L steel, a double-layer oxide film formed, similar to that
from other experiments in flowing LBE [84] and no disso-
lution was observed after 3000 h, while for 316 steel, the
oxide film still has the single-layer structure and significant
dissolution was observed similar to the experimental results
in static LBE [89]. D-9 steel was also tested under the same
conditions [94]. Its behaviors at 460 and 550 �C were simi-
lar to those of 316L except that the oxide thickness was
much thicker than that of 316L steel at 550 �C.
Fig. 19. Oxidation kinetics of the martensitic steels tested at 470 �C in
flowing lead [56].
5.3. Oxidation kinetics

It is well known that the oxidation of steels in air
follows:

d ¼ Kdtn ¼ A expð�Q=RT Þtn; ð34Þ

where d and t are the thickness of the oxide film and the
time, respectively, Kd is the oxidation rate constant depend-
ing on steel compositions and operation conditions, A is a
constant depending on materials and environment, Q is an
activation energy, n is a constant depending on the oxida-
tion mechanism.

For lower temperatures, such as T < 500 �C, it has been
reported that n = 1/2 of steels in LBE, i.e. the oxide film
growth follows a parabolic law. Measured oxide layer
thickness growth in time for some marstenitic steels was fit-
ted using the parabolic law at T = 470 �C [84]. The results
indicate that the oxidation rate depends strongly on steel
compositions. Other tests [94] of martensitic steels (HT-9,
T-410) and austenitic steels (D-9, 316L) also indicate that
oxide layer thickness growth in time follows the parabolic
law at low temperatures.
With increasing temperature, the constant n in Eq. (34)
is expected to vary for different materials due to the com-
plex kinetics. To determine the time dependence of oxidiz-
ing different materials in liquid metal, Gorynin et al. [56]
correlated their experiments results of several steels in flow-
ing lead using Eq. (34) (Fig. 19).

According to Wagner’s theory, the parabolic rate con-
stant Kp of steel oxidation in gas can be calculated as [97]

Kp ¼
Z P II

O2

P I
O2

a
D	ðMÞ

fM

þ D	ðOÞ
fO

� �
d½ln P O2

�; ð35Þ

where P I
O2

and P II
O2

are oxygen partial pressure at oxide/me-
tal and oxide/gas interface, respectively, M denotes the me-
tal, D* and f are the trace self-diffusion coefficient and the
correlation factors, respectively, a is the molar ratio of oxy-
gen to metal in the oxide. For example, for magnetite
Fe3O4, Eq. (35) becomes to [98]

KpðFe3O4Þ ¼
4

3

Z P II
O2

P I
O2

D	ðFeÞ
fFe

d½ln P O2
�: ð36Þ

In Eq. (36), the diffusion coefficient of oxygen through the
magnetite film is neglected because it is much smaller than
the diffusion coefficient of iron through the oxide film. The
value of Fe is approximately 0.5 when transport occurs by
a vacancy mechanism and in the range of 0.4–1 for mech-
anism involving interstitials [99].

Eqs. (35) and (36) have been successfully used in the oxi-
dation of metals in gas. They are expected to be applicable
in the oxidation of steel in liquid metals/alloys with slight
modification through taking into account the dissociation
of the oxide at the oxide/LBE interface. In Ref. [94], Eq.
(36) was employed to calculate the parabolic rate constant
of steel in flowing LBE at 550 �C. Although the dissolution
was not taken into account, the calculated oxide thickness
agreed very well with the experimental results. The weight
gains of some US steels (HT-9, T-410, 316L/316 and D-9
[94,95]) at 460 �C approximately follow the parabolic



Fig. 20. Weight changes of US steels tested in flowing LBE with velocity
of 2 m/s and oxygen concentration of 0.03–0.05 ppm at 550 �C [94].

Table 3
Oxide layer thickness (lm) formed on steel F82Hmod at 535 �C [100]

Environments

LBE Gas atmosphere

500 h 1000 h 500 h 1000 h

Magnetite 8 9 17 21
Spinel 7 11 13 10
Internal oxidation 4 5 5 7
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low. While at 550 �C, except for T-410 steel which was sub-
jected significant erosion, the characteristics of the weight
changes of other steels in the first 2000 h of testing period
is very different from that afterwards (Fig. 20 [94]).

When steels are exposed to LBE with oxygen control,
oxidation and dissolution of oxide film or alloying compo-
nents occur simultaneously. The oxidation leads to a
weight gain, while the dissolution results in a weight loss.
Unlike the case in air, it is expected that the oxide thickness
can reach to a plateau in LBE for long-term operations.
When the oxide film reaches this balanced state, the oxida-
tion rate at the substrate equals the dissociation rate at the
oxide/LBE interface. For short-term operation such as
several thousands of hours, the dissolution may have little
effect on oxide layer thickness, leading to approximate par-
abolic law as shown in some references, while for long-term
operation the dissolution of oxide at the oxide/liquid inter-
face has to be considered. At 550 �C, the oxidation process
dominates the whole process initially and it reaches a turn-
ing point at around 2000 h. After that the weight change
turns downwards because the weight loss due to dissocia-
tion/dissolution begins to manifest. At 460 �C, the initial
oxidation process may not have completed in 3000 h due
to the much slower kinetics at the lower temperature.
Fig. 21. Cross-section of ODS-M steel tested at 550 �C for 2000 h with an
oxygen concentration of about 10�6 wt% at the LBE/gas surface [101].
5.4. Comparisons of oxide in liquid metal (lead or LBE)

and in gaseous environments

Muller et al. [75] reported that there was no principal
difference between the oxidation processes in liquid lead
and in the controlled furnace atmosphere at 550 �C. Spec-
imens exposed to the atmosphere showed the same oxide
structures as those in liquid lead. Differences were just
the growth rates of the magnetite scale and the spinel zone.
The growth rate of the magnetite scale was two to three
times greater in the atmosphere than that in liquid lead
containing 8 · 10�6 at.% oxygen. Similar phenomena were
reported by Gomez Briceno et al. [100] in LBE and gas at
535 �C, with an oxygen concentration of 3 · 10�7 wt%.
Comparisons of the oxide thicknesses in the two environ-
ments are shown in Table 3. It is evident that the magnetite
layer in a gas atmosphere is much thicker than that in LBE,
whereas the thicknesses of the spinel and internal oxidation
layers are almost the same, as shown in Table 3.

Recently, Furukawa et al. [101] reported that the oxide
thickness in stagnant LBE depends on the immersion
depth. A picture from the reference is shown in Fig. 21.
In an atmosphere, the oxide layer actually is composed of
four layers: diffusion, Fe–Cr–O spinel, condensable Fe–O,
and porous Fe–O. In LBE, the thickness of the porous
Fe–O layer decreases with the immersion depth; at the bot-
tom of the sample, the layer disappears entirely. The con-
densable Fe–O layer is also partly removed at the
location where there is no porous Fe–O layer. The LBE/
gas interface is covered by a thick Fe–O layer, as shown
in Fig. 21.

At a high oxygen level (33 ppm), Lillard et al. [102]
reported that the oxidation rates for the portion of the
sample immersed in LBE were considerably higher than
the oxidation rates for the portion above the liquid at
200 �C for 28 h. This higher rate was also reported by other
researchers. Gorynin et al. [103] found that the oxide thick-



Fig. 22. Steel corrosion and oxidation processes in liquid metals: (a)
kp,c > kp, (b) kp,c = kp and (c) kp,c > kp.
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ness was one order of magnitude lower in gas than that in
liquid lead, with an oxygen concentration of 10�5–10�6 at
550 �C.

Taking into account the effects of presence of liquid lead
or LBE, it is easy to explain the differences between the oxi-
dation in gas and that in LBE with oxygen control and the
seemingly contradictory results. The presence of LBE may
lead to a high oxidation rate if the oxygen supply is suffi-
cient, resulting in a thicker oxide layer in a short-term oper-
ation as compared with that in gas with the same oxygen
partial pressure. The results reported in Ref. [102] are rea-
sonable when taking into account that the experiments
were carried out with very high oxygen levels and that
the tests lasted only 28 h. However, for longer-term tests,
it is expected that the oxide layers formed at the steel sur-
faces immersed in LBE would be thinner than those in the
cover gas because of the dissolution of the oxide into the
liquid.

In Ref. [101], the oxygen concentration is 10�6 wt%,
which is sufficient for magnetite formation. However, the
oxygen concentration becomes lower in time because of
the consumption by oxide formation. More iron diffuses
into the LBE and gets oxidized by the incoming oxygen
from the cover gas, leading to a lower oxygen supply rate
to the sample surface. The iron oxides formed in the LBE
will float to the LBE/gas interface, which will result in an
oxide layer separating the liquid from the cover gas. The
oxygen supply rate from the cover gas to the LBE is deter-
mined by the diffusion rate of oxygen through the oxide
layer covering the LBE surface and is much lower than that
through a fresh surface. Such a low oxygen supply rate can
not sustain the oxygen concentration at the sample surface.
Once the oxygen at the sample surface is lower than that
for forming iron oxide, no more iron oxide will be formed
and the initially formed iron oxide will dissociate in time.
Therefore, it was found in Ref. [101] that the outer porous
magnetite layer was removed from the sample surface to
the LBE/gas interface. If the oxygen concentration at the
sample surface can be controlled, such as in Ref. [100],
the magnetite layer will continue to form but its thickness
will be thinner than that in gas because of the corrosion.

Based on analyses of experimental results, comparisons
between the oxide layer (double-layer structure) forming
on a sample surface in gas and in LBE are shown in
Fig. 22 schematically. If the presence of LBE enhances
the oxidation rate, i.e., kp,c > kp, where kp,c is the oxidation
rate constant in LBE and kp is the constant in gaseous envi-
ronment, both the inner layer (Fe–Cr spinel) and outer
layer (magnetite) in LBE are thicker than those in gas for
short-duration exposure. For long-term tests in LBE, the
outer layer first increases in time, then decreases; it is thin-
ner than that in gas with the same test time, whereas the
inner layer becomes thicker and is always thicker than that
in gas. If the presence of LBE does not change the oxida-
tion rate, i.e., kp,c = kp, the thickness of the inner layer is
almost the same as that in gas, whereas the outer layer is
always thinner than that in gas and its thickness first
increases in time and then decreases. For the case of
kp,c < kp, both the inner and outer layers are thinner than
those in gas, and liquid metal corrosion could occur. For
all three cases, the outer layer (magnetite) could be com-
pletely removed, with the removal time depending on the
scale removal capacity of the liquid.

5.5. Summary of the experimental results

The above analysis indicates that the experimental
results of steels in LBE are still scattered, however we
can make some general conclusions based on these results:

– For very low oxygen levels (<10�4 ppm), both austenitic
and martensitic steels in LBE are subject to dissolution
even at temperatures as low as 673 K. The dissolution
rate of the austenitic steel is less than that of the mar-
tensitic steel.

– In the temperature range of 573–743 K, protective oxide
films can form on austenitic and martenstic steel sur-
faces at oxygen levels above 10�4 ppm. The thin oxide
films can protect the steel elements against rapid dissolu-
tion of steel components into LBE. The protective layer
for martensitic steels is much thicker than that for
austenitic steels.

– Generally, the oxide films on martensitic steel have a
double-layer structure: an outer porous layer of magne-
tite and an inner compact layer of Fe–Cr spinel. The
films grow at both interfaces: the LBE/oxide interface
and the oxide/steel interface. The oxide films on austen-
itic steel surfaces are mostly composed of Fe–Cr spinel
at lower temperatures.

– At 823 K, dissolution is observed for AISI 316L steel in
static LBE with saturated oxygen, while double-layer
oxide films were found in flowing LBE.

– For temperatures above 823 K, heavy dissolution corro-
sion of austenitic steels occurs and these steels cannot be
used without special treatments. If the steel surface is



Fig. 23. Possible oxide structures of stainless steels in liquid lead alloys with oxygen control: (a) single layer, (b) single layer, selective oxidation, (c) duplex
layer and (d) no oxide layer.
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alloyed with Al to form FeAl alloy or treated using the
GESA method, a protective oxide layer can form even at
873 K. Although the durability of such protective films
is good for the test durations of a few thousand hours,
it is not clear that they can be ‘self-healing’ if failures
occur.

– For martensitic steels, very thick oxide films form
on the surfaces if the temperature is above 823 K.
This indicates that long-term applications of these
steels in their original states may be problematic since
thick oxides are not very protective and will become
unstable.

– Between 750 K and 823 K, a transition temperature or
temperature range exists in which the corrosion mecha-
nism changes from oxidation to dissolution. It is possi-
ble to form the protective oxide layer on steel surfaces.
The corrosion behaviors depend on the steel composi-
tions, the steel surface treatment, the oxygen concentra-
tion in LBE, etc.

– For long-term operations, the scale removal due to the
flowing LBE has to be considered. The presence of
liquid metal can either enhance or reduce the oxidation
rate constant, which may lead to different oxide layer
structure and thickness from the oxide layer in gaseous
environments.

For summary, the possible oxide layer structures of steel
in LBE are shown in Fig. 23 based on analyses of experi-
mental results [104].
6. Corrosion modeling results

Although corrosion tests of steels in LBE have been car-
ried out for both static and flowing conditions, the data is
still too limited for applications to practical coolant sys-
tems. In addition, most of the recent experimental studies
only focused on the oxidation process due to relatively
short test durations. In practice, two processes (dissolution
and oxidation) occur simultaneously at the steel surfaces in
contact with LBE with oxygen control. Because the existing
tests are only up to a few thousands hours, the weight
losses are not well captured due to more rapid oxidation
in the early times.

Another important phenomenon is the deposition of
corrosion products in a practical coolant loop. The deposi-
tion in cooler areas of a coolant loop may lead to severe
flow restriction and microstructure changes in the materi-
als, and could destroy the flow system eventually. How-
ever, most of the existing test loops are designed for
corrosion tests. Knowledge on deposition is very scarce
compared to corrosion.

Precise simulation of all conditions encountered in prac-
tical applications can be very expensive and time consum-
ing. Therefore, developing corrosion/precipitation models
to predict the corrosion/precipitation behaviors in practical
coolant loops and to properly apply the limited experiment
results becomes very important in lead-alloys coolant tech-
nology development.

6.1. Corrosion behaviors at interface

For systems with oxygen control, the oxygen is trans-
ported by both diffusion and convection to steel surfaces.
At the beginning, oxidation and dissolution may occur
simultaneously. If the oxidation process is favored and
dominates, protective oxide films form on the steel sur-
face. Once the oxide films form, the direct dissolution is
reduced significantly because the film separates the steel
surface from LBE. For such cases, iron diffuses through
the oxide layer (Fig. 24), and formation or dissociation
of magnetite occurs at the oxide/LBE interface (assuming
that the oxide contacting with LBE is magnetite) at the
same time. With increasing time, the oxide layer becomes
thicker and the diffusion rate of iron through the oxide
layer becomes smaller because of the increasing thickness.
The following reaction reaches equilibrium state at the
interface:

3Feþ 4O() Fe3O4:



Fig. 25. Corrosion product concentration at oxide/LBE interface for mass
transfer controlled corrosion.

Fig. 24. The corrosion dynamics at the interface. Oxide layer forms at the
steel/LBE interface.
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Then we get

aFe ¼
1

a4=3
O

exp
DF Fe3O4

3RT

� �
; ð37Þ

where the activity of iron in the liquid equals cFe/cFe,s

according to the Henry’s law. For a turbulent flow, it is
reasonable to assume that the oxygen concentration is uni-
form in the system and the reaction between oxygen and
lead in LBE (Eq. (15)) is at equilibrium locally, then we get

aO ¼
aPbO

aPb

exp
DF PbO

RT

� �
: ð38Þ

From Eq. (20), we obtain the relation between the Fe con-
centration (the main corrosion product) and the oxygen
concentration in LBE at the steel surface:

CFe ¼ CFe;sa
4=3
pb

CO;s

CO

� �4=3

� exp
1

3RT
ðDF Fe3O4

� 4DF PbOÞ
� �

: ð39aÞ

If the oxide contacting with LBE is Cr2O3 or NiO, the sur-
face concentration of Cr or Ni can be calculated as

CCr ¼ CCr;sa
3=2
pb

CO;s

CO

� �3=2

� exp
1

2RT
ðDF Cr2O3

� 3DF PbOÞ
� �

; ð39bÞ

CNi ¼ CNi;sapb

CO;s

CO

� �
exp

1

RT
ðDF NiO � DF PbOÞ

� �
: ð39cÞ

Eqs. (39a)–(39c) are valid when a continuous oxide layer
forms, and the corrosion product concentration at the
surface is smaller that its saturation concentration, i.e.
CM/CM,s < 1, otherwise, Eq. (6) should be employed for
the surface concentration.

For mass transfer controlled corrosion at the steady
state, the surface corrosion product concentration is calcu-
lated by using either Eq. (6) or Eq. (39) depending on the
oxygen concentration in LBE. Both Eqs. (6) and (39) indi-
cate that the corrosion product concentration at the inter-
face is a function of temperature and oxygen
concentration. The dependency of the concentration on
temperature and oxygen concentration are shown in
Fig. 25. The concentration increases with temperature
and it can be reduced significantly through increasing the
oxygen concentration in LBE. It should be noted that a
higher oxygen concentration leads to a very thick oxide
layer and more severe oxidation corrosion, therefore, in a
practical LBE coolant system, both the liquid metal (disso-
lution) and oxidation corrosion should be controlled. It is
expected there exists an optimal oxygen concentration
range in which a proper oxide film can form to minimize
total corrosion.

For a practical nuclear coolant loop, the temperature
can be expressed as a function of the axial position of the
loop. Therefore the surface corrosion product concentra-
tion is a function of the axial coordinate in a non-isother-
mal loop. If the activity of lead in LBE is set to unity, Eq.
(39) reduces to the equation obtained by Li [55] based on
equilibrium between lead and magnetite at steel surfaces.

6.2. Kinetic corrosion model (mass transfer controlled)

A kinetic corrosion model for mass transfer controlled
corrosion was developed based on solving the mass trans-
port equation in the boundary layer [50,105]. The kine-
matic viscosity of LBE is much greater than the diffusion
coefficient of corrosion products (such as Fe, Cr) in LBE.
The Schmidt number is very high (Sc = t/D, where t is
the kinematic viscosity), so the corrosion product transport
is controlled by mass transfer through a thin boundary
layer. By making some reasonable assumptions, the con-
vection and diffusion equation in the mass transfer bound-
ary layer is simplified as [50,105]:

cy
oc
ox
¼ D

o2c
oy2

: ð40Þ

The meaning and units of all variables in Eq. (40) are same
to these in Ref. [105]. c [wppm] is the corrosion product
concentration, x [m] and y [m] are coordinates in the axial
and transverse directions, respectively, c [1/s] is the wall
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shear rate and it is constant along the simple loop here and
can be calculated by c = kV2/2t (k is the Fanning friction
factor). The surface concentration cw of the corrosion
product is expanded in the following Fourier series:

cw ¼
X

k

ck expð2piknÞ; ð41Þ

where n is the non-dimensional axial coordinate (n = x/L,
L is the loop length). The solutions for the concentration
in the boundary layer and the flux of the corrosion product
from (corrosion) or to (precipitation) to the pipe wall are

c ¼ c0 þ
X
k>0

Y kðgÞe2pkin þ
X
k<0

Y jkjðgÞe2pkin; ð42Þ

q ¼ 2pD2c
3L

� �1=3
1

Cð1=3Þ
X
k 6¼0

Qk expð2pkinÞ; ð43Þ

where Y k>0ðgÞ ¼ ck
Aið0ÞAiðð2pkiÞ1=3gÞ and Y k<0ðgÞ ¼ Y jkjðgÞ

(the over bar denotes conjugate), Qk>0 ¼ ck
Aið0Þ k

1=3i1=3 and

Qk<0 ¼ ck
Aið0Þ jkj

1=3ð�iÞ1=3, Ai and C are Airy Function and

Gamma Function, respectively, and g is defined as
g ¼ ð c

DL Þ
1=3y.

Eq. (43) can be used to predict the corrosion/precipita-
tion rate profile in non-isothermal simple liquid metal
loops. The equation has been extended to solutions that
can be applied to multi-modular loops [106] and the tran-
sient corrosion/precipitation process [107]. Some observed
corrosion phenomena (such as ‘down-stream’ effects) are
naturally included.

In the bulk flow, the transport process of the corrosion
product in flowing liquid metal satisfies the following con-
vective mass transfer equation:

d½cbAðxÞV ðxÞ�
dx

¼ pðxÞq½nðxÞ�; ð44Þ

where A [m2] is the flow area and p [m] is the perimeter. For
circular tubes, A = pd2/4 and p = pd (the boundary layer
thickness is neglected because it is much smaller than the
hydraulic diameter), cb [wppm] is the corrosion product
concentration in the bulk. For simple loop systems, A, p

and V are constant along the axis, the solution of cb for
simple loop was given as [108]

cbðnÞ ¼ c0
b þ

4d
V
ð2pL2D2cÞ1=3

31=3Aið0ÞCð1=3Þ
X

k

P k expð2pkinÞ; ð45Þ

where c0
b is the average bulk concentration and equals the

average surface concentration a0 at the steady state,
P0 = 0, Pk>0 = Qk/(2pki) and P k<0 ¼ P k>0 (the over bar de-
notes conjugate). For multi-modular loop systems, A, p and
V are functions of the axial coordinate x, while the volume
flow rate Q = A(x)V(x) is constant. The bulk concentration
can be calculated using the following integration [106]:

cbðxÞ ¼
1

Q

Z x

0

F ½xðsÞ�p½xðsÞ�qðn½x�Þdsþ cbð0Þ; ð46Þ

where cb(0) is the bulk concentration at n = 0 and can be
calculated by cb(0) = cb(L).
6.3. Kinetic corrosion model (activation controlled)

In Refs. [105–108], it is assumed that the liquid lead-
alloys corrosion is mass transfer controlled. Therefore the
surface corrosion product concentration is specified using
Eq. (6) or (39) depending on the oxygen level in LBE. Most
of the studies performed in liquid metals are limited to such
type of corrosion. However, in case of very high flow veloc-
ity, the mass transfer rate is much higher than the dissolu-
tion at the steel surface and rate-determining step is
dissolution, i.e. the corrosion is activation controlled.

For activation controlled corrosion, it is expected that
the corrosion product concentration at surface equals to
that in the bulk. At the steady state, the bulk concentration
in a non-isothermal liquid metal simple loop satisfies:

Q
dcbðxÞ

dx
¼ pðxÞjdðxÞ½CeqðxÞ � cbðxÞ�; ð47Þ

where Ceq is the equilibrium concentration determined by
Eq. (6) or (39), jd is the dissolution rate of steel compo-
nents or oxide, and it can be expressed as [41]:
logjd = Aj + Bj/T (Aj and Bj are constants).

A general solution of Eq. (47) was given in Ref. [41]:

cbðxÞ ¼ e�/ðxÞ½IðxÞ þ G�; ð48Þ

where /ðxÞ ¼
R pðxÞ

Q jdðxÞdx, IðxÞ ¼
R pðxÞ

Q jdðxÞCeqðxÞe/ðxÞdx,

G is an integral constant and can be found from the fact
that cb(0) = cb(L).

If the bulk concentration is expended into a Fourier ser-
ies, the solution for Eq. (47) becomes

cbðxÞ ¼
X

k

bkð1� 2pki=lÞ
1� 4k2p2=l2

exp½2pki/ðxÞ=l�; ð49Þ

where l ¼
R L

0
pðxÞ
Q jdðxÞdx and the constant bk is the harmon-

ics of the Fourier transform of CeqðxÞ : CeqðxÞ ¼P
kbk exp½2pki/ðxÞ=l�.
The corrosion/precipitation rate in a non-isothermal

closed loop for activation controlled corrosion is calculated
as

qðxÞ ¼ jdðxÞ
X

k

bkð2pki=l� 4p2k2=l2Þ
1� 4p2k2=l2

exp½2pki/ðxÞ=l�:

ð50Þ

To calculate the corrosion/precipitation rate for activation
controlled corrosion, the dissolution rate of steel compo-
nents (low oxygen concentration case) or the dissociation
rate of the oxide in contact with LBE should be specified.
However, to our best knowledge, there is no report on such
rates in existing literatures.

6.4. Improving the local corrosion models

For mass transfer controlled corrosion, the corrosion
rate can be simply written as

q ¼ Kðcw � cbÞ; ð51Þ
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where cw is the surface concentration, K [m/s] is the mass
transfer coefficient depending on the local conditions (local
liquid velocity, local temperature, etc.). Several mass trans-
fer coefficient expressions have been developed in aqueous
media based on the experimental data [109–111]:

Berger and Hau ½109� :
KB–H ¼ 0:0165t�0:530D0:670V 0:860d�0:140;

Silveramn ½108� :
KSilverman ¼ 0:0177t�0:579D0:704V 0:875d�0:125;

Harriott and Hamilton ½111� :
KH–H ¼ 0:0096t�0:567D0:654V 0:913d�0:087:

The bulk concentration cb in Eq. (51) is unknown. For an
isothermal pipe flow, cb is always assumed to be zero or
equals to the concentration at the inlet. Balbaud-Celerier
and Barbier [44] applied the local models to liquid metal
loops. They predicted a corrosion rate 2.4 times higher
than the experimental results. It was believed that the
assumption of a zero bulk concentration was one impor-
tant reason leading to such a high prediction.

For non-isothermal liquid metal loops without a protec-
tive layer, Epstein [41] improved the application of the
local model by assuming that the bulk corrosion product
concentration equals the saturated concentration at the
coldest leg and the surface concentration at the hottest
leg equals the local saturated concentration. Then the gra-
dient between the bulk concentration and the hot leg sur-
face concentration can be expressed as

cw � cb ¼ CM;s;h � CM;s;c

dCM;s

dT
DT ; ð52Þ

where M denotes the corrosion product, h and c denote the
hot and cold legs, respectively, DT is the difference between
the maximal and the minimal temperatures. Then the cor-
rosion rate at the hot section can be calculated by [41]

qT max
¼ K

dCM;s

dT
DT : ð53Þ

Taking into account the total amount of corrosion
equals to the total amount of precipitation in the entire
loop, Zhang and Li [51] improved application of local
models to steel corrosion in LBE loops through assuming
a constant corrosion product concentration in the bulk:

cb ¼
R L

0
KðxÞcwðxÞdxR L

0
KðxÞdx

: ð54Þ

The corrosion/precipitation profile can be calculated by
[51]

qðxÞ ¼ KðxÞR L
0

KðxÞdx
cwðxÞ �

Z L

0

KðxÞcwðxÞdx
� �

: ð55Þ

For calculation, it is assumed that K(x) is the local mass
transfer rate depending on only the local conditions.
If it is assumed that the mass transfer rate K(x) is a
known function, then the corrosion product in the bulk
flow follows the following the equation for the simple loop:

ocbðx; tÞ
ot

þ V
ocbðx; tÞ

ox
¼ 4

d2
½d � 2dðxÞ�KðxÞ½cwðxÞ � cbðx; tÞ�;

ð56Þ
where d(x) is the mass transfer boundary layer thickness
and can be calculated by d(x) = D(x)/K(x). The initial con-
dition of Eq. (56) can be set as cb(x, t = 0) = 0. The solu-
tion to Eq. (56) is

cbðx; tÞ ¼
X

k

akð1� 2pkiV =lÞ
1� 4p2k2V 2=l2

ð1� exp½�ð1þ V =lÞwðxÞt�

� exp½2pkiwðxÞ=l�Þ; ð57Þ

where wðxÞ ¼
R

4
d2 ½d � 2dðxÞ�KðxÞdx and l ¼

R L
0

4
d2 ½d�

2dðxÞ�KðxÞdx.
The corrosion/precipitation rate based on the local cor-

rosion model for varying bulk concentration at the steady
state can be expressed as

qðxÞ ¼ KðxÞ
X

k

akð2pkiV =l� 4p2k2V 2=l2Þ
1� 4p2k2V 2=l2

exp½2pkiwðxÞ=l�:

ð58Þ
6.5. Sanier and Santarini model

Sanier and Samtarini [112] developed a corrosion model
for non-isothermal liquid metal loop by dividing the corro-
sion process into three steps: convection in the bulk flow,
diffusion in the boundary layer and dissolution at the
interface.

Convection rate in the bulk flow:

q ¼ qdV
4q0

dcb

dx
: ð59Þ

Dissolution rate at the interface:

q ¼ Kd

CM;s

ðCM;s � cwÞ: ð60Þ

Diffusion rate through the boundary layer:

q ¼ qD
q0d
ðcw � cbÞ: ð61Þ

In Eqs. (59)–(61), q is the liquid metal density and varies
along the axial direction, q0 is the density of the dissolved
metal and is constant through the loop, Kd is the dissolution
rate defined as Kd = Kd0exp(�Qd/RT). d is the boundary
layer thickness and assumed to be constant throughout the
loop. In Ref. [112], the solubility of metal M CM,s and the dif-
fusion coefficient D are expressed as CM,s = CM,0exp(�Qc/
RT) and D = D0exp(�Qd/RT). The total amount of corro-
sion equals to the total amount of precipitation:

Z L

qðxÞdx ¼ 0: ð62Þ

0



Fig. 26. The corrosion/precipitation profile in the entire lead loop and
comparisons between the different model results and the experiment
results from Ref. [112]. (I) D = 3.9 · 10�9 m2/s, (II) D = 2.9 · 10�9 m2/s
and (III) D = 1.9 · 10�9 m2/s are from Eq. (43). (1) K1 = 0.566 m/s, K2 =
45.2 kJ, Qc = 25.1 kJ, CM,0 = 3.06 ppm, (2) K1 = 0.0322 m/s,
K2 = 27.6 kJ, Qc = 58.6 kJ, CM,0 = 238 ppm, from Eq. (58) (circles) and
Eq. (66) (solid line). D [m2/s] = 4.9 · 10�7 exp(�44100/RT) is used in the
solid curve from Eq. (58). A positive value of the rate corresponds to
corrosion and a negative value to precipitation.
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Case 1: activation controlled (V)1, D)1):

Cb ¼ Cw;

q ¼ Kd0 exp � Qd

RT

� �
� Kd0

CM;0

cb exp
Qc � Qd

RT

� �
: ð63Þ

Case 2: diffusion controlled (V)1, Kd)1):

Cw ¼ CM;s;

q ¼ qD0CM;0

q0d
exp �Qd � Qc

RT

� �
� cb

CM;0

exp � Qd

RT

� �� �
;

ð64Þ

Case 3: convection controlled (D)1, Kd)1):

Cw ¼ CM;s; q ¼ qdVCM;0Qc

4q0RT 2

dT
dx

exp � Qc

RT

� �
: ð65Þ

Case 4: Mixing control:

d½ðCM;s=Kd þ q0d=qDÞq�
dx

þ 4q0

qDV
q� dCM;s

dx
¼ 0; ð66Þ

In all the cases, the bulk concentration is calculated using
Eq. (62).

6.6. Comparisons between modeling and experimental results

Experimental results of corrosion tests performed in a
non-isothermal simple lead loop were reported [112]. The
oxygen level is assumed very low. The diameter of the tube
is 0.0247 m. The highest temperature in the loop is 550 �C
(at the test leg) and the lowest temperature is 465 �C. The
flow velocity is 0.115 m/s. Experiments were carried at
three locations in the test leg. The corrosion depth for
10CD 9–10 steel was between 110, 100 and 75 lm after
3000 h, and between 40, 25 and 30 lm after 2800 h for Z
10 CD Nb V 92 steel.

Balbaud-Celerier and Barbier [44] employed the local
corrosion model (Eq. (51)) to calculate the corrosion rate
in the pure lead loop. The bulk concentration of Fe was
assumed to be zero. The calculation gave a value around
240 lm per 3000 h that is 2.4 times larger than the experi-
ments results.

By assuming that the bulk concentration equaled the
solubility of Fe at the coldest leg, Epstein [41] obtained
an expression for the corrosion rate at the hottest leg in a
non-isothermal closed loop (Eq. (53)). We apply Eq. (53)
to the pure lead loop and obtain a corrosion rate of
182 lm per 3000 h. The calculated value is still much larger
than the experimental results. In Zhang and Li’s [51]
improved local model (Eq. (55)), the bulk concentration
was also assumed to be constant, but it was calculated
based on the fact that the total amount of corrosion equals
to the total amount of precipitation in non-isothermal close
loops. Using Eq. (55), it is found that the predicted corro-
sion rate is around 93 lm per 3000 h agreeing very well
with the experimental results.

The above calculations using the local and improved
local models show that the corrosion rate at the highest
temperature leg depends strongly on the corrosion product
bulk concentration. The models give reasonable corrosion
rates considering there are uncertainties in many factors:
the value of the diffusion coefficient and the surface concen-
tration, effects of the materials composition and erosion,
etc. However, the improved local corrosion model can only
give a constant corrosion rate at the highest temperature
leg.

The corrosion/precipitation profile in the entire pure
lead loop from the kinetic corrosion model (Eq. (43)) is
show in Fig. 26, as well as the results from Eq. (66) (Sanier
and Santarini’s model) and Eq. (58) (improved local model
with varying bulk concentration along the loop axis). In the
calculations from Eq. (66), the parameters in Ref. [112] are
selected. It is assumed that the mass transfer rate K = D/
d = K1exp(K2/RT).

Using the selected values of K1, K2, CM,0 and Qc [112],
Eqs. (58) and (66) give almost the same profile and the
corrosion rates at the test section are consistent with the
experimental results. However, the selected mass transfer
coefficients and the Fe solubility in lead are very different
from the correlations [40,109–111] obtained experiments.

Employing the mass transfer coefficient expression
developed by Berger and Hau [109] and diffusion coefficient
expression developed by Robertson [43], Eq. (58) can only
give the corrosion and precipitation zone and cannot give
the location where the highest corrosion/precipitation
occurs.

Based on experimental results, the diffusion coefficient
of Fe in pure lead is around 10�9 m2/s. For the calcula-
tions, three values (1.9, 2.9, 3.9) · 10�9 m2/s were selected



Fig. 27. Experimental and modeling results for JLBL-1 loop. (a)
Experimentally observed deposition zones (labeled with thick lines)
[106]. (b) Calculated corrosion/precipitation rate for iron using the kinetic
corrosion model [113] and the temperature profile (dashed line) for JLBL-
1 loop. (I) D = 3.9 · 10�9 m2/s, (II) D = 2.9 · 10�9 m2/s and (III)
D = 1.9 · 10�9 m2/s.
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for comparison. The surface concentration is calculated
using the experimental correlation from Ref. [40]. Fig. 26
shows that the kinetic model predicted results agreeing very
well with the experimental results. Since the kinetic corro-
sion model is based on the assumption that corrosion rate
is controlled by the mass transfer rate through the bound-
ary, we conclude that the corrosion process in this particu-
lar pure lead loop is mass transfer controlled.

A LBE loop called JLBL-1 loop [113] was set up in the
Japan Atomic Energy Research Institute (Japan). Some
initial experiments have been carried out to study the cor-
rosion and deposition without active oxygen control
(Fig. 27). The entire loop in contact with LBE is made of
stainless steel 316 (SS316). The inner diameter of the circu-
lating tube, the test tube at the low temperature and that at
high temperature is 22, 22 and 10 mm, respectively. The
flow velocity is 1 m/s in the hot test tube and 0.2 m/s in
the other parts. The oxygen concentration was not mea-
sured during the experiment and no oxide film was
reported. The corrosion depth was less than 0.1 mm per
3000 h in the high temperature test tube. Since there is no
oxide layer reported, it is assumed that the corrosion pro-
cess is due to direct dissolution. Because there is variation
of the flow cross-section along the loop, the kinetic corro-
sion model for multi-modular loop [106] is applied to cal-
culate the corrosion/precipitation profile in JLBL-1 loop.
The calculated pure iron corrosion/precipitation profile
for the JLBL-1 loops shows that the observed deposition
zones in the JLBL-1 loop can be exactly predicted using
the present non-isothermal and multi-modular corrosion
model. The predicted corrosion rate is about 0.05–
0.08 mm per 3000 h if the diffusion coefficient is selected
as 3.9 · 10�9 m2/s entirely. This agrees well with experi-
mental results of 0.03–0.1 mm.

6.7. Erosion–corrosion

For high velocity flows or flow at high temperatures, the
strong shear stress may strip the protective oxide films or
the deposited corrosion product, causing erosion–corro-
sion. Slot erosion of 316L and T-410 steels in flowing
LBE at 550 �C was reported in Ref. [94]. The depth and
length of erosion of 316L were 120–140 and 820 lm , under
conditions with a flow velocity 2 m/s and an oxygen con-
centration 0.03–0.05 ppm. The depth and length of slot
erosion of T-410 under the same conditions are 80 lm
and 60 mm, respectively. Erosion phenomena were also
reported in Ref. [86] for T-91 and 316L steels in flowing
LBE at 873 K.

The erosion-controlled rate is much higher than the
mass transfer controlled corrosion rate and increases dra-
matically with flow velocity (Fig. 8). To our best knowl-
edge, there is no modeling study on erosion induced by
the heavy liquid metal flow. Erosion models for corrosion
fouling, specially on the removal of the deposits, were
developed by Barlett [114], Charlesworth [115] and recently
reviewed by Somerscales [116]. The erosion models in fluid-
ized-bed were well reviewed by Lyczkowski and Bouillard
[117]. For practical applications in coolant system, it is
important to understand and verify the onset of erosion,
and design away from it.

7. Oxidation–corrosion interactions

The corrosion models provide theoretical information
on the scale removal by the flowing LBE, while most exper-
imental tests were focused on oxidation behaviors of steel
in LBE, such as oxide layer thickness and the weight
change per unit area. The scale removal or corrosion and
oxidation are competing processes at the oxide/liquid metal
interfaces. They affect each other, leading to many poten-
tial interactions. It is difficult to understand the combined
effects based on individual studies. Zhang et al. [118] devel-
oped a model that couples the two processes by expressing
the thickness growth rate as
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dd
dt
¼ KO � Qc; ð67Þ

where KO is the layer growth rate without scale removal
and Qc is the scale removal rate. For a parabolic oxidation
process, KO = kp/d. For a flowing LBE system, the scale re-
moval rate due to mass transfer is constant if the flow is
steady. When dd/dt = 0, a steady state oxide layer thick-
ness is obtained as

ds ¼
kp

Qc

; ð68Þ

which is the asymptotic thickness for a long-term operation
in LBE. For an initial oxide layer thickness, d0, Zhang et al.
[104] obtained the solution of Eq. (67) as

t ¼ ðd0 � dÞ
Qc

� ds

Qc

ln
ds � d
ds � d0

: ð69Þ

The weight change per unit area is expressed as a function
of thickness as [118]

Dw ¼ qoxfOðd� d0Þ � qoxð1� fOQcÞt; ð70Þ

where fO is the oxygen weight fraction in the oxide consid-
ered. The weight change rate can be expressed as

RDw ¼
dDw

dt
¼ qoxfO

dd
dt
� qoxð1� fOÞQc;o: ð71Þ

Therefore, at the steady state, the weight loss rate is linear
to scale removal rate.

A detailed discussion on the oxidation–corrosion inter-
action in LBE can be found in Refs. [118,119]. Here we will
show some typical behaviors based on the two references.
Typical curves of oxide layer thickness and weight change
per unit area are shown in Fig. 28. In the figure, dc is the
threshold thickness beyond which oxide spallation may
occur. When d0 > ds, resulting in Kp,c < Qc,o, the oxide
layer becomes thinner in time and approaches the steady
state thickness from above. When d0 < ds, resulting in
Kp,c > Qc,o, the oxide layer thickness increases in time
and approaches the steady state thickness from below. If
ds > dc, spallation occurs when the thickness reaches the
Fig. 28. Kinetics of corrosion–oxidation interaction. (a) Ox
threshold. In this simplified model, the oxide layer thick-
ness behavior appears as a periodic function of time. After
spallation, the oxide layer thickness suddenly decreases to a
residual thickness d0 which serves as the initial thickness of
the next periodic time and oxide layer grows in time for a
periodic time of tc until spallation occurs again.

The kinetics of the weight change is shown in Fig. 28(b).
The figure shows that the kinetics depends on the initial
thickness. For parabolic oxidation, the weight always
increases in time. For the case of d0 < fOds (fO is oxygen
weight fraction in the oxide), the weight first increases in
time and then decreases after peaking. For the case of
d0 P fOds, the weight always decreases in time. The asymp-
totic rate of the weight loss is directly proportional to the
corrosion rate. For the case of spallation, there is a sudden
weight loss when spallation occurs as shown in Fig. 28(b).
Of course in reality oxide spallation is neither uniform nor
periodic.

8. Recommended subjects for further studies

Recently, numerous experimental and theoretical studies
on LBE coolant technology and materials have been car-
ried out worldwide. Substantial amount of useful informa-
tion for designing practical LBE nuclear coolant systems
has been obtained. However, there are still significant gaps
and the existing results can not provide a high fidelity
correlation of the corrosion rate to factors influencing the
corrosion processes in LBE coolant systems. To fill these
technical gaps before the LBE nuclear coolant technology
is ready for programmatic and industrial applications, the
following aspects need to be further studied in the future.

8.1. Precipitation and deposition of corrosion products

In practical nuclear coolant LBE loops, corrosion prod-
ucts from the hot legs are transported to some other legs
and deposited. It is precipitation and deposition that
sustain corrosion in non-isothermal LBE loops during
long-term operations. Deposition has a positive feedback
ide layer thickness and (b) weight change per unit area.
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mechanism and may lead to severe flow restrictions, which
results in increased pump power requirement and eventual
flow blockage. Although deposition plays important roles
in non-isothermal LBE loops, measurement of deposition
rate and distribution is very scarce. Most of the present test
loops are built for corrosion tests. Therefore, systematic
studies of precipitation and deposition and development
of mitigation strategies and methods should be carried
out in the future.
8.2. Oxygen transport

In oxygen controlled LBE systems, the oxygen dissolved
in LBE is transported to the steel surface to form, sustain
and restore protective oxides through convection and diffu-
sion. Because the chemical reaction is fast in the operating
temperature range, the oxygen mass transport determines
the process kinetics. To understand the mass transport pro-
cess of the dissolved oxygen, it is necessary to know the dif-
fusion coefficient and the transport properties of oxygen in
LBE. This is particularly important in large and/or natural
convection systems. Transport models, measurement facil-
ities, and controlling technology should be developed. The
optimal oxygen levels and the reliable operation of oxygen
control systems should be determined and developed.
8.3. Oxide formation and kinetics in lead alloys

The oxidation mechanisms and kinetics for steels in
LBE are not well understood at the present. The oxide
growth kinetics should be determined through analysis of
the experimental data. However, the available data is not
sufficient to provide correlations covering the desired
design space between the oxide growth and the operating
condition, especially their dependency on temperature
and oxygen concentration. More experiments are needed,
both short- and long-durations. Theoretical models should
be developed, incorporating the dissolution effects at the
oxide/LBE interface (which differentiate oxidation in lead
alloys from oxidation in air), to interpret and apply the lim-
ited experimental data. Since protection by oxide is a key
feature in lead-alloy coolant technology, and long-term
corrosion is via interaction through the oxide, this subject
is of critical importance.
8.4. Coolant hydrodynamic effects

Coolant flow can accelerate mass transfer of corrosion
products and result in higher corrosion rates. It can also
transport oxygen quickly to the interface to form and
restore protective oxides. However, the flow effects on the
oxide formation and dissolution are still not well under-
stood on fundamental and quantitative levels that would
lead to sound prediction based on limited test results.
The other uncertainty is erosion due to high or erratic flow,
exacerbated by the high density of heavy metal coolants.
There are no experimental data and theoretical analysis
on erosion and corrosion–erosion in LBE non-isothermal
loops. In sections where flow changes direction abruptly
and where there are vortices, the flow effects will be more
pronounced and should be studied carefully.

8.5. Steel composition, microstructure and surface effects

According to experimental results of austenitic and mar-
tensitic steels, the oxide characteristics are closely depen-
dent on the compositions of steels. But that dependency
is not well understood to more precisely guide the selection
and development of suitable materials. Experiments on a
variety of steels in static or flowing LBE should be carried
out, with emphasis on Cr and Si effects. There is also exper-
imental evidence that the initial surface condition may
affect the subsequent oxide growth and protectiveness.
The preferential transport and dissolution of certain alloy
compositions can also change the microstructure of the
materials in the long run and may lead to materials failures.
These effects need to be investigated, and practical solu-
tions sought for enhanced corrosion resistance while pre-
serving radiation damage resistance.

8.6. Corrosion models

Although the final selection and verification of materials
with adequate corrosion resistance have to be based on
testing in near-prototypic conditions, it is nonetheless
extremely valuable to develop proper corrosion models
for the design and interpretation of tests and application
of test data to design and prediction of system perfor-
mance. It was found from the present kinetic model for
loops that corrosion/precipitation depends on both the
local and global conditions. However the present models
only consider mass transport process in flowing LBE and
the interface dynamics (dissolution of steel or dissociation
of oxide) are assumed to be at local equilibrium. A general
model should include both the mass transfer (of corrosion
products and oxygen) in LBE and oxidation and scale
removal at the steel/LBE interface, and incorporating sur-
face modification effects by prolonged corrosion and depo-
sition. Similar models for large and/or natural convection
systems should be developed since they have markedly dif-
ferent flow characters from that of loop systems. Also, a
numerical model should be developed to study localized
flow effects on corrosion in regions where the flow changes
direction sharply or where there are vortices.

In conclusion, a review of the fundamental issues in
lead-alloys corrosion is provided with an emphasis on
aspects deemed relevant in materials and technology devel-
opment for applications. It is hoped that a succinct
summary of important materials properties, experimental
results, key techniques and current understanding through
modeling will help advance the state of art in this field with
important technological implications through rational
design and selection.
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