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Abstract

A Study on Corrosion Behaviors
for Life-Prediction of Structural
Materials in Lead Fast Reactors
Seung Gi Lee
Department of Nuclear Engineering
The Graduate School
Seoul National University
A corrosion study has been made in this thesis in order to
predict corrosion behaviors based on mechanistic understanding
for typical materials of construction, including ferritic /
martensitic stainless steel, T91 and HT9, as well as austenitic
stainless steels, SS316L. Corrosion tests were performed at
temperatures up to 600℃ in order to understand the corrosion
behavior in lead-bismuth eutectic liquid. Based on test results,
the process of corrosion at temperatures up to 600℃ is
understood, as follows:
1. The formation of duplex oxide layers (outer magnetite
layer and inner Fe-Cr spinel) and their growth with
time
2. Removal of outer magnetite accompanied with lead
i

penetration
3. The fracture of inner Fe-Cr spinel (corrosion barrier)
due to mechanical stresses with oxide growth
4. Re-passivation of Fe-Cr spinel by oxidation
5. The failure of Fe-Cr spinel layer by Cr-depletion along
grain boundaries
6. The start of dissolution: LBE penetration into metal
substrate through grain boundaries
In order to avoid active corrosion, two criteria based on
relationship between Cr-depletion and passivity of Cr-oxide
are proposed as followings;
l Allowable operation temperature limit for studied materials
predicted by thermochemical calculation of re-passivity
considered chemical composition of structural materials
l Operation time to loss of structural integrity by oxide
failure is obtained from corrosion test result.
Conventional steels forming Cr-oxide as protect layer can
give good performance in lead or lead alloy at temperatures up
to about 470℃ before oxide layer grows by about 44μm for
ferritic / martensitic steels (T91 and HT9) and about 25μm for
austenitic stainless steels (SS316L). Al-containing steels or
Si-containing

steels

forming

Al-oxide

or

Si-oxide

as

corrosion barrier should be applied to lead or lead alloy at
temperatures above 470℃ due to their excellent corrosion
resistance.
Considered operation conditions of under developing LFR,
such as MYRRHA, corrosion problem can be overcome by
proven ferritic / martensitic steel and austenitic stainless steels.
ii

Furthermore, Al-containing steels or Si-containing steels can
be commercialized by methods of coating or functionally graded
composite in the near future.
Keywords: LBE, corrosion, duplex oxide layer, spallation of
oxide layers, Cr-depletion, self-healing
Student Number: 2000-30425
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Chapter 1 Introduction and Problem
Definition

1.1 Background
The global warming appears to important unprecedented
impact on ecology. According to the third assessment report of
Intergovernmental Panel on

Climate

Change

(IPCC), the

continued elevation of temperature could be predicted to
accelerate in this century as shown in Figure 1-1. The
emission of carbon dioxide is believed to be responsible for the
global warming (IPCC 2001). On account of growing concern
with climate change, 191 countries have signed and ratified the
Koto protocol to set binding obligations on industrialized
countries in order to reduce their emissions of greenhouse
gases, in the near future.
Taking into account the expected increase in energy
demand and the global warming, nuclear industry will explore
options to meet future sustainable energy demand.
Nuclear power technology has evolved to fulfill the goal
with generations;
-

First Generation: prototypes, and the first realizations of
nuclear power plants (1950’s~1973)

-

Second Generation: most of operating nuclear power
plants built after the first oil shock (1973~2000)

-

Third generation: safety and life improvements to the
1

second generation reactors (2000~)
-

Fourth generation: advanced spent fuel recycling reactor
systems (future~)

The past 40-year of generation II nuclear power plant
operation, however, resulted in significant amount of spent
nuclear fuels (SNF ’ s). Because of the extremely high
radiotoxicity requiring unprecedentedly long isolation periods,
there exists the strong opposition of the general public to the
geological disposal. SNF ’ s are becoming one of the most
critical issues that must be resolved for the significant
expansion of nuclear energy as an effective and sustainable
energy source. Therefore it is desired to develop the closed
fuel cycle systems where SNF’s are recycled and long lived
radioactive isotopes are ameliorated by the transmutation
using fast neutrons.

Sodium cooled Fast Reactors (SFR’s)

and Lead cooled Fast Reactors (LFR’s) have been developed
as Generation IV systems (Abram and Ion 2008).
The SFR’s and LFR’s have common platform by using
liquid

metal

technology,

fast

neutrons,

oxide

fuel

and

transmutation of minor actinides (Latge 2011). The chemical
reactivity of sodium is a problem if exposed to air or water.
Even though SFR’s have equipped complicated safety features
in order to prevent fires and explosions, fires and explosions
have been frequently reported due to chemical reaction with
sodium and water or air from the experience with SFR’s, as
shown in Figure 1-3(a) (Cochran, Feiveson et al. 2010).
However, heavy liquid metals (HLM) such as lead or leadbismuth eutectic (LBE) have been investigated as inert coolant
for fast reactor from the very early stage of nuclear reactor
development (Parkman 1951). LBE was chosen as the coolant
2

for nuclear submarines in the former Soviet Union. LBE cooled
reactors were successfully deployed in “Lira (NATO called
Alfa)” class nuclear submarines, those are renounced as the
fastest submarine

to

appear in

Guinness

world

records

(GuinnessWorldRecords), as shown in Figure 1-3(b). The total
operating time of LBE cooled nuclear submarines was about 80
reactor-years (Gromov 1997).
In fast reactor systems, lead alloy can provide advantages
over sodium as a coolant in two important aspects. First, lead or
lead alloy do not react exothermically with water or air. As
shown in Table 1-1, the stored potential energy which means
maximum energy can be released from coolant in accidents
(Toshinsky 2010). Second, the boiling point of lead or LBE can
provide much greater safety margins and the ability to operate
at higher temperatures. Physical properties of HLMs are
summarized in Table 1-2 and Figure 1-4.
Based on the LBE coolant, PEACER (the Proliferationresistant, Environment-friendly Accident-tolerant, Continual &
Economical Reactor) was designed as a closed fuel cycle
system, at Nuclear Transmutation Research Center of Korea
(NUTRECK) at Seoul National University (SNU) in Korea as an
innovative partitioning, transmutation and disposal approach
that will leave no high level waste (HLW) behind (Hwang,
Jeong et al. 2000). The aim of these facilities is to acquire the
final qualified waste forms which can be disposed of in a deep
geological repository as low and intermediate level wastes
whose radiotoxic period will not exceed 300 years (Choi, Cho
et

al.

2011).

The

concept

of

PEACER-park

including

transmutation reactors and a central pyrochemical process plant
was also developed by NUTRECK, as shown in Figure 1-2.
3

Table 1-1 Stored potential energy for different coolants [GJ/m3]
(Toshinsky 2010)

Coolant

Parameters
Maximal
potential energy

Water

Sodium

P = 16 MPa,

Т = 500 ℃

Lead,
Lead-bismuth
Т = 500 ℃

Т = 300 ℃
~ 21.3

~ 10

~ 0.74

Thermal
energy

~ 0.90

~ 0.53

~ 0.74

Including

~ 0.15

compression

None

None

potential energy

Potential
chemical energy
of interaction

With water

With

5.1

zirconium

With air

~ 11.4

None

9.3

Potential
interaction
energy escape

~ 9.6

~ 4.3

hydrogen with
air

4

None

Table 1-2 Physical properties of lead, bismuth, LBE and
sodium (LBE-handbook 2007)
Liquid metal

Pb

LBE

Bi

Na

Atomic number

82

-

83

11

207.2

~208

209

23.0

Melting point [℃]

327.5

125.6

271.4

97.8

Boling point [℃]

1750

1670

1567

883

10.27

9.91

9.66

0.83

Inert

Inert

Inert

Reactive

Atomic weight
[amu]

Density [g/cm3]
at 600℃
Chemical
reactivity
(with air and
water)
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Figure 1-1 Global warming: the projected surface temperature
difference (degree Celsius) between the period 2071-2100 and
1961-1990(IPCC 2001)
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Figure 1-2 Conceptual diagram of a closed fuel cycle using LBE
cooled transmutation reactors: PEACER park developed by
NUTRECK (Hwang and Lim 2010)

7

(a) Phénix heat exchanger after sodium fire (Cochran,
Feiveson et al. 2010)

Fastest submarine,
Lira
(b)

Fastest submarine in Guinness record: LFR
equipped “Lira” (GuinnessWorldRecords 2012)

Figure 1-3 Comparison of operating experience between LFR
and SFR

8

Lead-bismuth eutectic
point

↓
44.5 wt% Pb

Figure 1-4 Phase diagram of lead-bismuth binary system
(Orlov 1997)
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1.2 Lead or Lead-Bismuth Eutectic (LBE) Cooled
Fast Reactor (LFR)

1.2.1 History of LBE cooled reactors
LBE has been in the limelight as a coolant of nuclear
energy systems due to its low melting point, high boiling point,
chemical inertness, low neutron absorption and so on. Since
1950’s, the US and the former Soviet Union (USSR) have
developed programs on nuclear energy system using LBE
coolant.
In the US, researches for the solution to corrosion
problems of structural materials had failed to yield any
satisfactory results. Therefore the programs for LBE were
stopped (Gromov 1997).
In the former USSR, LBE was chosen as a coolant for
reactors of nuclear submarines from the idea of LBE cooled
fast reactor by Dr. Alexaner Leypunsky, as mentioned earlier.
During the period of “Lira (Alfa)” class submarines, total
eleven LBE cooled reactors were constructed and put into
operation including proto type reactors (Allen and Crawfor
2007) and the total operation time of them was about 80
reactor years (Gromov 1997).
Since the disclosure of the Russian LBE technology for
submarine applications in the middle of 1990s, significant
progress has been made to verify and extend the coolant
technology.

The

emerging

worldwide

interests

in

the

applications of lead alloys coolant led to many research and
10

development activities (Li 2007).

1.2.2 LFR’s under development
Within the frame of conversion of a unique Russian reactor
technology applied to nuclear submarines the small-power
reactor plant of SVBR-100-100 is being developed for
nuclear power sources of civilian use (Zrodnikov 2006). It is
an integral modular multi-functional LBE fast reactor that has
100MWe capacity with 7~8 years refueling cycle and 60 years
of design lifetime. Its site for the nuclear power plant
construction was determined to be at Dimitrovgrad in Russian
Federation. The program aims at completing the preliminary
safety report and licensing of the construction by 2014 and
commissioning of pilot plant by 2017 (Danilenko 2010).
Besides LBE cooled SVBR-100-100, lead cooled BREST300 is being developed as a prototype of a large scale
commercial nuclear power plant (Smirnov 2012).
In the US, the secure transportable autonomous reactor
(SSTAR) is as a modular system by using lead coolant.
Systems being considered include subcritical systems, central
station critical systems and concepts for small transportable
reacors for international deployment (Smith, Halsey et al.
2008).
In European LFR programs, the first step of the LFR
development started in 2006 with the ELSY (European Leadcooled System) project (Cinotti 2008). Recently, the further
improvement of the ELSY design reached a new configuration
of the industrial size(600MWe) plant, the ELFR (European Lead
Fast Reactor) conceptual design (Alemberti 2012a). And
11

ALFRED (Advanced Lead Fast Reactor European Demonstrator)
is under developing as a scale down (about 120 MWe) nuclear
power plant to be connected to the electrical grid (Alemberti
2012b).
In Belgium, the MYRRHA (Multi-purpose hybrid research
reactor for high-tech applications) project stated in 1997 by
SCK-CEN (Abderrahim, Kupschus et al. 2001). The MYRRHA
project is based on the coupling of a proton accelerator with a
liquid Pb-Bi windowless spallation target, surrounded by a PbBi cooled sub-critical neutron multiplying medium. The main
application of the MYRRHA is as follows (Schuurmans and
Fernandez 2012a);
l Sustainable fission energy: demonstrate the physics and
technology of an Accelerator Driven System (ADS) for
transmuting long-lived radioactive waste
l Sustainable energy: development of fast spectrum reactor
and fusion technology
l Enabling technologies for renewable energies: production
of neutron irradiated silicon
l Health care: production of radioisotopes for nuclear
medicine
l Science: fundamental research
The MYRRHA project aims at commissioning by 2020~2022
(Schuurmans, Baeten et al. 2012b).
In Korea, LBE cooled small (40MWe) modular reactor,
URANUS

(Ubiquitous

Rugged

Accident-forgiving

Non-

proliferating Ultra-lasting Sustainer) has been developed by
NUTRECK. Its refueling cycle is 20 years and plant life time is
60 years. It features that the reactor coolant pump is not
necessary due to utilization of full natural circulation of LBE
12

coolant at the normal operation (Lee, Cho et al. 2012).
Additionally,

PASCAR

(Proliferation-resistant,

Accident-

tolerant, Self-supported, Capsular and Assured Reactor) for
spent nuclear fuel burning small modular reactor (Choi, Cho et
al. 2011) and PEACER for LBE-cooled

spent nuclear fuel

burner as a large scale plant were also developed by NURECK
at SNU.
The operational characteristics of representative LBE
cooled fast reactors are summarized in Figure 1-5. Their
common objectives are to provide energy in sustainable and
ultimately safe manners. The transmutation system such as
PEACER can minimize SNF problems and the small modular
system like URANUS can maximize the flexibility of nuclear
power plants according to the demand.

13

Figure 1-5 LBE cooled fast reactors
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1.3 Materials Challenges for LFR’s
There are various requirements for nuclear structural
materials regardless of the reactor types. Materials screening
criteria, so called “CADFIM” are like this;
l

C-Compatibility

l

A-Availability

l

D-Durability

l

F-Fabricability

l

I-Inspectability

l

M-Maintainability

Basically, the materials have to be available and affordable.
They must have good workability and joining properties. In
case of nuclear reactor systems, neutron transparency is
important and especially core materials such as fuel claddings
and internal structures have a low neutron absorption cross
section. The structural materials should have long term
stability and compatibility with the coolant as well as good
mechanical properties at the elevated temperatures. And
materials must be resistant to irradiation induced property
changes such as irradiation hardening, embrittlement, swelling,
phase instabilities and creep against a high energy and high
intensity neutron field (Allen, Busby et al. 2008).
Especially, three major intrinsic issues are emphasized to
select

materials

for

the

LFR;

dimension

stability

/

embrittlement (void swelling) due to fast neutron spectrum,
liquid metal embrittlement due to contact with liquid lead alloys
and corrosion in liquid lead alloys (Allen and Crawfor 2007).
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1.3.1 Void swelling
Void swelling is one of typical problems in all cladding of
nuclear reactors. It is caused by the formation of microscopic
voids in the structural materials due to neutron irradiation.
Void swelling introduces many engineering problems such as
dimensional

instability,

embrittlement

of

materials.

As

mentioned above, the void swelling for the fast reactor is more
important due to high energy and high intensity of neuron flux.
The first generation sodium cooled fast reactors had
focused on austenitic stainless steel (ASS) as the primary
claddings,

duct

and

structural

materials,

before

being

abandoned owing to their excessive void swelling after fast
neutron irradiation as shown in Figure 1-6 (Flem 2012).
Radiation-induced void swelling is a life limiting factor for
austenitic stainless steels when used for the fuel cladding for
fast reactors. The swelling increases with the neutron fluence
at a given temperature. There is an incubation time to start
swelling, and after incubation time, swelling rate is nearly
constant at the value of 1%/dpa for austenitic steels.
Void swelling could be suppressed by providing high
dislocation

densities

and

high

concentrations

of

fine

precipitates (Odette, Alinger et al. 2008). The improvements
have been made to reduce swelling through adding stabilizing
elements such as Ti and applying cold work (Shibahara,
Akasaka et al. 1994). Modified austenitic stainless steels
alloyed with Ti, B and P have been applied; D9 in the US, 1515Ti in France, PNC316 in Japan. Though the swelling
resistance of them is much improved than that of SS (stainless
steel) 316L, the utilization of them is still limited up to
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~100dpa [IAEA-TECDOC-1083, 1999 #30].
Ferritic / martensitic steels (FMS) have excellent swelling
resistance up to 200dpa with a steady-state swelling rate of
~0.2%/dpa (Garnera, Toloczkob et al. 2000). In Figure 1-7,
swelling resistance is compared between various ASS and
FMS [IAEA-TECDOC-1083, 1999 #30].

1.3.2 Liquid metal embrittlement
Liquid metal embrittlement (LME) is the reduction in
ductility and strength that can occur when normally ductile
metals or metallic alloys are stressed whilst in contact with
liquid wetting metals(LBE-handbook 2007). LME is considered
as a special case of brittle fracture, intergranular (IG) or
transgranular (TG) by cleavage that occurs in absence of an
inert environment and at low temperature. LME is accompanied
by little or no penetration of the embrittling atomic species into
the solid metal (Kamdar 1973). In other words, strictly
speaking, a time and temperature dependent fracture process
will not be considered as a manifestation of LME. The
prerequisites for LME are listed below:
l

Intimate or direct contact at the atomic scale between
the solid and liquid metal phases, a concept classically
interpreted as wetting.

l

Applied stress sufficient to produce plastic deformation,
even if the required deformation may be produced, on a
microscopic

scale,

at

stresses

much

below

the

engineering yield point.
l

The existence of stress concentrators or pre-existing
obstacles to the dislocations motion. This requirement is
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a matter of controversy, and is not considered as
important as the two already mentioned criteria.
It is worth mentioning that the necessary condition of
“intimate contact at the atomic scale between the solid and
liquid metal phases” for occurrence of LME, which can be
reformulated as the metal adsorption condition due to rebinder,
implicates various physico-chemical macroscopic processes
that include: 1) dissolution and formation of dealloyed layers
possibly brittle (as in SCC (stress corrosion cracking) modeling)
in the case of corrosive liquid metal; 2) inter-atomic mixing
and formation of surface alloys whose consequences depend on
the solid metal to liquid metal system in case of limited
solubility between the two metallic phases, a concept that may
be interpreted diversely; 3) no exchange, at the atomic scale,
between the two solid and liquid phases, considered immiscible,
which is rigorously impossible to prove experimentally.
In FMS’s, LME was reported in the temperature range
300~420℃ when exposed to heavy liquid metal (HLM). For
this reason T91 will not be used as fuel cladding materials in
Advanced Lead Fast Reactor European Demonstrator (ALFRED)
and

its

application

is

for steam

generator unit in

the

temperature range 420~550℃ (Agostini 2012).

1.3.3 Corrosion in lead alloys
Lead and LBE show high aggressiveness for conventional
structural

materials.

An

understanding

and

mitigation

of

corrosion and degradation of mechanical properties of structural
materials in lead and LBE are essential issues for the
demonstration of LFR’s. In addition, the availability of
18

technologies that allow for safe operation of lead alloy facilities
is also essential.
Corrosion will affect the integrity of LFR’s during long life
time and is one of the most challenging issues in LFR’s. Today,
many experts in nuclear industry point out that if the materials
performance against high temperature corrosion is proven, the
LFR is much more attractive than the SFR as shown in Figure
1-8 (2011) and 1-9(Deign 2012) .
This issue is a unique problem in LFR’s and the detailed
description will be discussed in the chapter 2.
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Phénix

15/15 Ti

Before irradiation

(austenitic SS)

After irradiation

Rapsodie
Figure 1-6 Void swelling in the austenitic stainless steel
(Flem 2012)

20

Figure 1-7 Swelling deformation in austenitic stainless steel
and ferritic martensitic steels as function of irradiation dose at
temperatures between 675 and 825K(Flem 2012)
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Figure 1-8 The importance for corrosion problem in LFRs:
The future of the nuclear fuel cycle(Kazimi, Moniz et al. 2011)
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“If it turns out those clads actually work, the
sodium-cooled fast reactor community five years
from now would be turned into a lead-cooled fast
reactor community because everybody can do the
math; you get 20-30% higher efficiency.”

Figure 1-9 Article “nuclear fuel cycle: to close or not to
close?” in nuclear energy insider, (Deign 2012)
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1.4 Problem Definition
As mentioned previous, the corrosion problem is inevitable
and very important especially in LFR ’ s. Moreover, newly
proposed nuclear reactor designs feature operation at high
temperatures for very long time in order to increase the
economy and efficiency of power plants. Then, the issue of
corrosion of structural materials will be serious. It is no
exaggeration to say that the feasibility of LFR ’ s nearly
depends on the corrosion protection of materials, especially
cladding materials exposed to the hottest HLM coolant.
Therefore it is important to understand the corrosion behavior
on the materials in HLM. That’s why this thesis is focused on
the corrosion issues in LBE.
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Chapter 2 Earlier Study on Corrosion
Mechanism in Liquid Lead or Lead Alloys

2.1 General Dissolution and Oxidation in Liquid
Lead or Lead Alloy
As described in previous chapter, corrosion is one of the
most critical issues in LFR’s. The structural materials should
overcome the corrosion in high temperature lead alloy
environment during their lifetime. The corrosion phenomena
can be divided in two forms: dissolution and excess oxidation.
Dissolution means dissolution of structural elements into liquid
metal or lead or lead alloy penetration into metal substrate. It
will directly degrade the integrity of structure and its rate
tends to be increased in higher temperatures and lower
oxygen concentration. In case of the excess oxidation,
thermohydraulic problem can be caused by the decreased heat
removal capability at the elevated temperatures and high
oxygen

concentrations.

Figure

2-1

shows

dissolution and excess oxidation on steels.
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the

typical

Dissolution &
lead penetration
Metal substrate
(a) Severe dissolution of the austenitic stainless steel (316L)
in exposure at 600℃ LBE after 2000hr from this study

Fe3O4
(Fe, Cr)3O4
Metal substrate
(b) Huge oxidation of the ferritic/martensitic steel (T91) in
exposure at 550℃ LBE after 10000hr(Weisenburger 2012)
Figure 2-1 Severe dissolution on austenitic stainless steel and
huge oxidation on ferritic/martensitic steel under LBE
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2.1.1 Dissolution
Degradation of steels in liquid Bi, Pb or LBE occurs
primarily through dissolution of alloying elements into the liquid.
The main driving force for liquid metal corrosion is the chemical
solubility for dissolution of alloying elements in contact with the
liquids (Weeks 1963). The compositional and microstructural
changes due to selective dissolution and intergranular corrosion
can lead to material failures (Tortorelli and Chopra 1981). The
dissolution rate is related to liquid environments such as the
ratio of the metal surface area to the heavy liquid metal volume,
the flow rate in flowing liquid lead or lead alloy, the surface
conditions of steels, the impurity concentration like oxygen and
nitrogen

in

the

heavy

liquid

metal

and

the

chemical

compositions of the structural materials, etc. (Zhang and Li
2008).
There are two types of corrosion: uniform and local (Zhang
and Li 2008) as shown in Figure 2-2. Uniform corrosion is
characterized by the uniform damage at the surface of the solid
phase by the liquid metal/alloy (Figure 2-2(a)). 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 corrosion front moves along grain boundaries, the
specific crystallographic directions, vacancies and pores, the
previously formed defects (Figure 2-2(b)–(f)).
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2.1.2 Solubility of metal elements in bismuth,
lead and LBE
In many cases, temperature dependences of the solubility of
metals can be described by using the approximation of ideal
solutions. In ideal solutions, the chemical potential of the
dissolved metal is described by the formula;
=

where,

+

(2-1)
is the chemical potential of the pure metal in the

standard state and

is the partial mole fraction of the

dissolved metal. The dissolution of metals into heavy liquid
metal is regarded to be stopped by an equilibrium process. As
soon as the concentration of an element in heavy liquid metal
attains its solubility, the system goes into the thermodynamic
equilibrium state and the value of the chemical potential

in

the solution becomes equal to its value in the solid state,
=
i.e.,

(2-2)

where,

=

∞

+

∞

is the mole-fraction at the saturated condition.

Moreover,
∞

=

=−

∆ ̅

(2-3)

where, ∆ ̅is the Gibbs free energy, i.e.,
(2-4)
=∆ − ∆ ̅
∆ ̅
where ∆ , ∆ ̅are partial molar enthalpy and partial molar
entropy of the dissolved metal element, respectively.
Thus,

the

temperature

dependence

of

equilibrium

dissolution takes the form (Pashechko and Vasyliv 1995), as
follows;
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∞

=

∆ ̅ ∆

i.e., log(

−

where, A is

,

∆ ̅

) =

−

and B is

∆

(2-5)
.

From Equation (2-5), A and B are obtained by empirical
methods. Constants, A and B of various metal element are
summarized in Table 2-1.
Figure 2-3 shows the variation of solubility in various PbBi alloys (Weeks and Romano 1969). Metal solubility in pure Bi
shows high value, solubility in pure lead has low vale and
solubility is intermediate value in LBE.

2.1.3 Oxidation
Corrosion in LBE is a combination of two type of
degradation; i.e., dissolution and oxidation. The oxidation leads
to oxide layer growth. The excessive oxidation can hinder heat
transfer to coolant while thin and dense oxide layer can act as
a corrosion barrier. For the understanding of oxidation in LBE,
it is important to understand the general characteristics of
oxidation on steels.
The rate determining step of oxidation is diffusion of
cations (metal ions) and / or anions (oxygen ions) of the
oxide-forming elements in the oxide layer when equilibrium
has been established at the environment / oxide and oxide /
metal phase boundaries as shown in Figure 2-4 (Schutze
1991).
The oxide growth rate is inversely proportional to the
oxide layer thickness x and proportional to the parabolic rate
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constant kp.
=

(2-6)

where, x is the thickness of oxide layer, t is time and kp is
parabolic rate constant.
As Equation (2-6) on integration becomes
=2

(2-7)

This means that the growth is parabolic.
Slow oxide growth indicates low kp values. This is the case

when the diffusion coefficients of ions in the scale are low.
Oxides with a high degree of defects show correspondingly
higher growth rates than those with low defect concentration
(Schutze 1991).
During the formation of oxide layers in steels starts nearly
instantaneously, it does not form fast enough to completely
preclude diffusion from taking place (Short 2010). Oxide that
forms at high oxygen potentials first, and then their presence
lowers the oxygen potential such that only more stable oxides
can form at the metal / oxide layer interface by the selective
oxidation due to different metal elements’ affinities with
oxygen. For that reason, a multi-layered oxide film often forms
on the surface of steels. All the possible layers on Fe-Cr alloys
are shown in Figure 2-5(a) in their actual arrangement.
However, one or more of these layers may not be present,
depending on the type of alloy, the temperature and the oxygen
concentration

in

environment

(Schutze

1991).

The

real

morphology of oxide layers on Fe-Cr steels is also illustrated
in Figure 2-5(b) according to the Cr content in alloys (Davis
1994). If increased Cr-content in alloys, slow growing (thin)
Cr-rich oxide layers are preferred rather than Fe-rich oxide
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layers.
Chromium must be considered the most important alloying
element for producing protective oxide layers on various steels.
Above 570℃ (so-called wustite point), the thermochemically
stable oxide phase in pure iron is wustite (FeO) which is
unstable and poor protective. The addition of alloying elements
such as Cr could increase this transition temperature as shown
in Figure 2-6 (Rahmel and Schwenk 1977). In other words, the
nature of oxide layers depends entirely on added alloying
element, except environmental condition such as temperatures
and oxygen partial pressure and so on.
As mentioned previously, all oxide layers are not protective.
Corrosion-protective oxide layers on structural materials
should be continuous, slow growing, thermochemically stable,
well adherent to the metal substrate and dense and would
retard the transport of metal and /or oxygen ions through these
oxide layers.
Based on engineering experiences and applications, Croxide, Si-oxide and Al-oxide are considered as a protective
oxide layer in metal alloys. It is easy method to evaluate the
passivity of an oxide layer by comparing the growth rate and
chemical stability of the oxide layer. In Figure 2-7(a) (Birks,
Meier et al. 2009), the growth rate of Fe-oxide is much higher
than others and Cr-oxide grows slightly faster than Si- and
Al-oxide.

Si-oxide

and

Al-oxide

shows

similar

good

performance in oxide growth. Ellingham diagram which plots of
the standard free energy of formation, is very useful to
compare with relative stabilities of each compound (Figure 27(b)). The stability of compared oxide is like this:
Al-oxide > Si-oxide > Cr-oxide > Fe-oxide
31

2.1.4 Oxygen control in HLM systems
If a liquid metal is convectively circulated through a closed
loop by providing a temperature gradient on opposite sides of
that loop, the temperature differential of the solubility of the
container metal in the liquid metal will require the container
materials to dissolve continuously in the hotter portion of the
loop (or hot leg) and to precipitate from the supersaturated
solution in the colder portion of the loop (or cold leg). In this
comparatively simple two-component system, six processes
are continuously occurring as the metal (of the loop)-liquid
metal interface seeks to attain thermodynamic equilibrium
throut the loop, as shown in Figure 2-8 thermal gradient mass
transfer (Gurinsky 1956). The six processes which will in time
reach a steady state are: (1) dissolution of metal from the wall
of the hot leg into the quiet boundary layer of liquid; (2)
diffusion of the dissolved metal from the quiet boundary layer
into the moving stream; (3) transport of the dissolved metal by
the moving stream of liquid from the ho to the colder regions of
the

loop;

(4)

nucleation

of

metal

crystals

within

the

supersaturated liquid in the bulk stream or on the cold wall; (5)
transport of the metal nuclei or crystallites into the quiet
boundary layer; (6) growth of the crystallites in the quiet
boundary layer, accompanied by sintering of the particles one
to another and to the wall to form a compact mass that
ultimately plugs the loop and stops flow.
Moreover, the effect of oxygen in liquid lead on the
corrosion behaviors of austenitic steels in pure lead at 500℃
was obtained by Goryin (Gorynin, Karzov et al. 1998) and the
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result is as shown in Figure 2-9. For oxygen concentration
below 10-7 at% in lead, corrosion is determined by dissolution
of alloy components because no effective oxide layer was
formed and the corrosion rate increases significantly with
decreasing oxygen concentration. Otherwise, at an oxygen
concentration 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 2-9. From the Ellingham diagram (Figure
2-10, the iron will not form iron oxide at oxygen concentration
below 10-7 at% in lead because metal phase is more stable than
oxide. However, iron oxide was formed at oxygen concentration
above 10-5 at% in lead.
Therefore, to avoid heavy dissolution and oxidation as well
as to remain / restore the protective oxide films, the oxygen
concentration in lead alloys needs to be actively controlled. The
oxygen control technique was first developed in Russia
(Gromov, Orlov et al. 1998). As mentioned above, the formation
of passive oxide layers on structural materials to prevent direct
dissolution of metal in liquid coolant by controlling the oxygen
concentration in liquid lead alloys. Figure 2-11 (Martinelli,
Courouau

et

al.

2008)

illustrates

the

proper

oxygen

concentration range in given temperatures. The proposed
operating region represents thermochemically magnetite stable
and Pb-reducing environment in Figure 2-10.
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Table 2-1 Solubility of elements of structural materials in
bismuth, lead and LBE
Elem

in liquid BiA

in liquid Pb

in liquid LBE

ents

A

A

A

B

B

B

Fe

1.69

3490

0.34B

3450B

2.01E

4380E

Cr

2.26

3580

3.74

6750

-0.02

2280

Ni

2.38

1400

1.3

1383

1.7

1000

Mn

3.48

1985

2.02

1825

Co

0.412

1520

2.6

4400

Cu

2.29

1690

2.72

2360

2.41

1920

2.98C

2564C

0.15

3172

2.42D

4287D

<10-3wt%@1000℃

Mo

Si

9.4x10-5wt%
@441℃

Al

2.40

1992

Zr

2.69

2780

2.585

2240

U

O

3.886*

7180*

2.72C

3142C

1.2x10-9wt%@500℃

3.921

5121

3.21D

5100D

*solubility of Si in Pb: 1050℃<T<1250℃
(IAEA-TECDOC-1289 2002),
C

A

(Weeks 1971),

Stevenson et al. 1958), (Weisenburger 2012),

D

B

(Alden,

(Ganesan,

T.Gnanasekaran et al. 2006), E(Martinov and Ivanov 1998)
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Figure 2-2 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. LM represents the liquid metal (Zhang and Li 2008)
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(a) Solubilities of Fe in Pb-Bi alloys

(b) Solubilities of Fe in Pb-Bi alloys in isothermal condition
Figure 2-3 Change of solubility of Fe in Pb-Bi alloys (Weeks
and Romano 1969)
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Figure 2-4 Oxide growth by ionic transfer through oxide layer
and its prediction by the parabolic law
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(a)Schematic of all the possible oxide layers on Fe-Cr alloys;
all oxides will not form on every Fe-Cr alloy (Schutze 1991)

(b) Effect of chromium in Fe-Cr alloys on oxidation rate and
oxide scale structure at 1000 ℃ in 0.13atm O2 (Davis 1994)
Figure 2-5 All possible oxide layers and realistic oxide layer
arrangement on Fe-Cr alloys
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Figure 2-6 The change of oxide characteristics (good or poor)
with temperatures and alloying element (Cr) in steels; dashed
line is nearly wustite point in Fe-Cr steel (Rahmel and
Schwenk 1977)
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(a) Growth rate of Fe-, Cr-, Si- and Al-oxide (Birks, Meier
et al. 2009)

(b) Thermochemical stability of Fe-, Cr-, Si- and Al-oxide
Figure 2-7 Comparison of passivity of Fe-, Cr-, Si- and Aloxide
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Figure 2-8 Mass transfer in the system by solubility difference
(Gurinsky 1956)
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Figure 2-9 Dissolution / oxidation of stainless steels in lead at
550℃(Gorynin, Karzov et al. 1998)
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Figure 2-10 Ellingham diagram of representative steel alloying
elements (Weisenburger 2012)
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SVBR-100

URANUS
MYRRHA

Figure 2-11 The operational range of oxygen concentration
temperature in lead alloys: prevention of metallic dissolution
and coolant oxidation by controlling oxygen concentration
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2.2 Experimental Result on the Corrosion of
Steels in Liquid Lead or Lead Alloy
Conventional

structural

materials

such

as

ferritic

/

martensitic steels and austenitic stainless steels form the
passive oxide film against harsh environment and their oxide
structures are similar as duplex oxide layers which are
composed of outer magnetite and inner Fe-Cr oxide (spinel
structure). Commonly, stable oxide successfully protects from
the lead alloy attack at lower temperatures, while severe
dissolution attack occurs at higher temperature due to failure
of passivity.

2.2.1 Ferritic/martensitic steels
The oxide layer structure of steels in liquid lead alloys with
oxygen control, in principle, depends on the steel composition,
temperature and hydraulic factors. Generally, there are duplex
oxide layers for FMS according to the previous experimental
results. For temperatures below 550℃, it is composed of an
external magnetite layer, Fe3O4 and a compact internal Fe-Cr
spinel oxide layer. In some cases, the external magnetite layer
is not observed. Penetrations of lead are sometimes observed
in the outer layer. The duplex layer can protect steels from
dissolution. For temperature above 550℃, an internal oxidation
zone with oxide precipitates along the grain boundaries is
observed below the Fe-Cr spinel layer

2.2.2 Austenitic stainless steels
Austenitic steels generally contain more concentration of Cr
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and Ni than martensitic steels. The oxide layer formed on
austenitic steels has similar oxide structures to FMS. The
difference is like followings; For temperature below 500℃, the
oxide layer is very thin and is composed of the single-layer of
Fe-Cr spinel, which can prevent direct dissolution into lead
alloys. For temperature around 550℃, the oxide layer can have
either duplex or single oxide layer structure, depending on the
surface and operating conditions. The duplex-layer oxide can
prevent steel component dissolution, while heavy dissolution is
observed when the single-layer oxide forms. For temperature
above 550℃, heavy dissolution occurs.
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2.3 Oxidation Mechanism of Steels in Liquid Lead
or Lead Alloy
From the past experimental results, many oxide models
have been proposed to interpret the oxidation processes in
contact with lead alloys.
Muller et al. studied the corrosion of the Fe–9Cr martensitic
steel in pure liquid lead at 550℃ (Muller, Schumacher et al.
2000). They noticed a great similarity between the oxide
nature obtained in liquid lead and the one obtained in air by
Whittle and Wood (Whittle and Wood 1967).

Consequently

they proposed the same oxidation mechanism: the Fe–Cr spinel
layer grows at the metal/oxide interface because oxygen
diffuses easily inside the oxide scale until the internal interface.
On the other hand iron ions diffuse from the metal to the
external interface leading to the growth of magnetite from the
both side: from the Fe–Cr spinel/magnetite and from the
magnetite/lead interfaces. This mechanism is represented in
Figure 2-12.
In the case of the oxidation of other steels (316L, HT9, D9),
in liquid Pb–Bi, Zhang and Li (Zhang and Li 2005), (Zhang and
Li 2008) also proposed an oxidation process in analogy with the
oxidation mechanism proposed in other oxidizing environments
(water or gas) (Robertson 1991), (Gibbs 1973). Unlike Muller
et al., and because Zhang and Li considered that the magnetite
scale just grows at the oxide/liquid Pb–Bi interface by iron
solid-state diffusion. The Fe–Cr spinel layer grows at the
internal interface because oxygen is provided by diffusion
inside

micro-voids.

In

their
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mechanism,

Zhang

and

Li

considered that the magnetite scale was partially removed from
the sample. This removal can occur by erosion and by
dissolution of the magnetite scale because the corrosion tests
were not performed with oxygen saturated liquid Pb–Bi in static
conditions but with low oxygen content in dynamic conditions:
in a loop with flowing liquid Pb–Bi. The mechanism proposed by
Zhang and Li (Zhang and Li 2008) is summarized in Figure 213.
Martinelli et al. also studied the mechanism of oxidation on
Fe-Cr steel of T91 in liquid LBE in the 450~600℃ (Martinelli,
Balbaud-Célérier et al. 2008) (Martinelli, Balbaud-Célérier et
al. 2008) (Martinelli, Balbaud-Célérier et al. 2008) (Martinelli
and Balbaud-Célérier 2011) as following in Figure 2-14.
Duplex oxide layers were observed which were composed of
outer magnetite and inner Fe-Cr spinel. The magnetite layer
grows at magnetite / LBE interface. Kinetics of oxidation is
controlled by iron ion diffusion from metal substrate to
interface. And iron diffusion makes vacancies and then they
form nano-cavities. Fe-Cr spinel layer grows at oxide / T91
interface. Kinetics of oxidation is controlled by oxygen diffusion.
Oxygen diffused across the oxide scale, until the inner interface
via liquid lead nano-channels. However, oxygen diffusion via
nano-channel was too rapid to account for the spinel layer
growth so oxygen diffusion cannot be the limiting step for the
Fe-Cr spinel growth. Limiting step for Fe-Cr spinel growth
rate is based on self-regulation process; Oxygen diffuses to
steel / oxide interface and oxidizes the steel inside the nano48

cavities formed by iron vacancies accumulation. Nano-cavities
begin to fill with corrosion products and corrosion products
have plugged the above nano-channels. Therefore, Fe-Cr
spinel layer growth is controlled by iron diffusion. Magnetite
and Fe-Cr spinel layers are both linked to the iron diffusion,
the Fe-Cr spinel thickness can be deduced from the magnetite
thickness
The proposed oxidation mechanisms in earlier studies are
summarized in Table 2-2. These mechanisms are proposed to
explain how to form duplex oxide layers – outer magnetite and
inner Fe-Cr spinel. They were focused on the accurate
prediction of oxidation thickness by parabolic law and tended to
be regarded magnetite as protective layer even though lead
penetration is easily founded. Because they deal with only
oxidation phenomenon except dissolution, it is very difficult to
apply to realistic cases where dissolution is predominant at
elevated temperatures and for a longer time.
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Table 2-2 Summary of oxidation mechanisms in earlier studies
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Figure 2-12 Muller et al.’s steel oxidation mechanism to form
duplex oxide layers in liquid lead (Muller, Schumacher et al.
2000)

51

Figure 2-13 Zhang and Li’s steel oxidation mechanism to form
duplex oxide layers in liquid LBE (Zhang and Li 2008)
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(a) Transfer of ions through duplex oxide layers during
oxidation process

(b) Formation of duplex oxide layers on Fe-Cr alloy (T91)
Figure 2-14 Martinelli et al.’s steel oxidation mechanism to
form duplex oxide layers in liquid LBE (Martinelli, BalbaudCélérier et al. 2008)
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Chapter 3 Approach
3.1 Goals
The objective of this thesis is an understanding on
corrosion mechanism in liquid lead alloys at the elevated
temperatures. Based on mechanistic understanding, useful
lives of components made of structural materials can be
predicted.
Generally if temperature is higher than 550℃, FMSs as
well as ASSs are experienced with the oxidation and
dissolution as mentioned in previous chapter. The proposed
mechanism should explain corrosion processes from the
oxidation to dissolution. Based on the corrosion mechanism,
proper methods of the prevention and mitigation can be
suggested against highly corrosive lead or lead alloys coolant
in the high temperature.
According to the worldwide roadmaps of LFR program,
constructions

of

LFR,

such

as

MYRRHA

in

Belgium

(Schuurmans, Baeten et al. 2012) and SVBR-100 in Russia
(Danilenko 2010), are very imminent. Many new approaches
have been being worldwidely studied in order to cope with
corrosion problems as shown in Figure 3-1. However it may
take very long time to be applied to nuclear industries due to
problems about fabricability and reliability of materials.
Therefore, ASME code certified materials are more important
to LFR ’ s planned to be licensed soon like MYRRHA and
SVBR-100. And ASME code certified materials, T91, HT9,
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SS304 and SS316L, are focused on this thesis.
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Figure

3-1

Worldwide

research
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to

overcome

materials

challenge in LFR’s

3.2 Approach
Corrosion problem is naturally more significant in higher
operating temperatures and for a longer operating time. In
other words, corrosion characteristics are different according
to the temperatures. Three test temperature ranges are
divided according to the operating temperature of main
components for promising LFR’s (MYRRHA, SVBR-100 and
URANUS) in order to understand corrosion mechanism in LBE
as shown in Figure 3-2. First range is less than 450℃ which
is covered vessel, general coolant piping, steam generator(or
heat exchanger) tubes and so on for MYRRHA and URANUS.
Pulled HELIOS core heater tubes made of SS304 are examined
for first temperature range. Second range is 440℃< T <500℃
related to cladding of MYRRHA / URANUS or vessel of SVBR100 and HT9 corrosion result is used. Third 500℃<T<600℃
range means future or SVBR-100 cladding materials and
corrosion test at 600℃ is performed using T91, HT9 and
SS316L.
From many literatures, structural materials showed good
corrosion resistant performance by successful passive layers
in

lower

two

temperature

ranges.

It

is

verified

with

examination of SS304 and HT9. However dissolution is easily
occurred at higher temperatures. This thesis is especially
focused on change of passivity of oxide layers by corrosion
test and observation of corroded oxide layers at high
temperature region (T>500℃). Detail is illustrated in Figure
3-3.
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Figure 3-2 Three temperature ranges to understand corrosion
mechanism in LBE
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Figure

3-3

Corrosion

related

parameters

dissolution model in high temperature LBE
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and

proposed

Chapter 4 Experimental and Result
4.1 Materials
As mentioned in previous chapter, ASME code certified
materials are especially important to use for nuclear reactors
to be licensed in an instant. Therefore T91, HT9, SS304 and
SS316L which are representative FMS and ASS, are planned
to be used in most LFR’s and have been extensively used in
engineering industries. That’s why T91, HT9 and SS316 are
selected to be tested.
Table 4-1 summarized the chemical composition of test
materials. T91 and HT9 are normalized at 1050℃ for 1hr and
then air cooled and tempered at 750℃ for 2hr and followed air
cooling. In case of SS316L, solid solution heat treatment at
1050℃ for 1hr and water quenched were performed to obtain
austenitic structure. Detailed microstructure are obtained by
proper etching technic (Etchant: T91/HT9 - Viella’s Reagent
(5ml HCl + 2g Picric acid + 100ml Ethanol) / SS316L - 5%
Nital (5ml HNO3 + 95ml Ethanol, 3V electrolytic) and grain
size was obtained by ASTM E112 (intercept method)) From
Figure 4-1, prior austenite grain (PAG) size of T91/HT9 and
austenitic

grain

size

of

SS316L

was

measured

like:

T91(tempered martensitic) ~30μm (PAG), HT9(tempered
martensitic) ~35μm (PAG) and SS316L(austenitic) ~25μm.
Test environments divided into three temperature ranges and
materials including 2 kinds of FMS and 2 kinds of ASS are
briefly shown in Table 4-2 and Figure 4-2.
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Table 4-1 Chemical composition of test materials
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Table 4-2 Corrosion test matrix

Temperature ranges

T < 440℃
(for a vessel …)

Ferritic /

Austenitic

Martensitic

Stainless

Steel

Steel

-

440℃< T<500℃

HT9

(for claddings…)

(500℃)

500℃<T<600℃
(for SVBR-100 or future
LFR’s)

SS304
(350℃)

-

T91, HT9

SS316L

(600℃)

(600℃)
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100μm

50μm

(a)Tempered martensitic structure of T91

100μm

100μm

(b)Tempered martensitic structure of HT9

100μm

50μm

(c) Austenitic structure of SS316L
Figure 4-1 Microstructure of T91, HT9 and SS316L
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Figure 4-2 Corrosion test matrix for T91, HT9, SS316L and
SS304 in LBE with oxygen concentration of 10-6wt%
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4.2 Apparatus and test
4.2.1 Corrosion cell
Corrosion tests at 500℃ and 600℃ were performed in
static LBE Cells as shown in Figure 4-3 and 4-4. Corrosion
cell is composed of alumina crucible containing LBE, oxygen
control system and instrumentation and control (I&C) system.
As mentioned in previous chapters, oxygen concentration
in LBE takes important role in corrosion behaviors because
corrosion modes and oxide structures depend on oxygen
potential in LBE. During corrosion test oxygen concentration
must be able to be accurately controlled. In this oxygen control
system (OCS), mixture

of H2/H2O

gas

of which

ratio

determines concentration of oxygen, is injected into corrosion
cell in order to control oxygen concentration. Each hydrogen
gas and water vapor is precisely regulated composition and
flow rate (Figure 4-4(b)). Yttria-stabilized zirconia (YSZ)
oxygen sensor is used to measure oxygen potential of LBE. It
was hermetically sealed using the electromagnetically swaged
metal-ceramic joining method for long term operation (Nam,
Lim et al. 2008). In this oxygen sensor, bismuth/bismuthoxide equilibrium electrode (Bi/Bi2O3) was used as a reference
reaction couple that is placed inside the YSZ tube. Specific
assemble procedure of YSZ oxygen sensor is described in
Appendix.
Alumina crucibles were used as LBE container with a
normal capacity of 4kg of LBE which was placed inside a metal
vessel. Thermocouples were inserted into LBE in alumina
crucible and monitored the temperature of LBE. Two band
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heaters were covered with outside wall of a metal vessel and
their electrical power was supplied by proportional integral
derivative (PID) control. All data acquisition and I&C system
were controlled by LabVIEW programming.
Three different kind of steels, T91, HT9 and SS316L,
were tested in LBE at 500℃ (HT9 only tested) and 600℃.
Since the target value of oxygen concentration in liquid LBE is
10-6wt%, the ratio of partial pressure of gases, PH2/PH2O is
maintained at 0.01 (500℃) and 0.1 (600℃) as shown in Figure
4-5.
Corrosion

test

coupons

were

machined

by

electric

discharge machining (EDM) by size of 20mm (length) -10mm
(width) - 2mm (thickness) as shown in Figure 4-4(c) and
drilled two holes to fix coupons. And all surfaces and edges
were mirror polished up to 0.05μm diamond suspension.
Before insertion into LBE, all coupons were cleaned with
acetone and rinsed with deionized water.
As described above, corrosion tests were carried out at
500℃ and 600℃, for 1000hr and 2000hr, respectively (Figure
4-2), and oxygen concentration was 10-6wt%. Figure 4-6
shows the monitored result of temperature and oxygen
concentration in LBE during 600℃-2000hr corrosion test.
Generally signals of temperature and oxygen potential were
stable except some incidents as followings (Figure 4-6);
① Oxygen concentration increased due to excess hydrogen
gas
② Oxygen concentration decreased due to aerating and
decreased temperature
③ Pull out samples from cell #1
④ Power blackout
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⑤ Gas cylinder / water tank

change in OCS(oxygen control

system)
⑥ Pull out samples from cell #2
After testing, the corrosion coupons were removed from
LBE cells and were cleaned in 170℃ hot glycerin bath in order
to remove residual LBE on the surface of corrosion coupons as
show in Figure 4-4(c)~(d). Then coupons were cut at the
mid-surface to examine the cross section of coupons by
diamond bladed low speed saw (Figure 4-4(d)) and were
mounted in a suitable mould material such as a thermosetting
resin. In this analysis, the mixture of Epo-Thin® and Ni based
conductive filler was used. (The size and shape of the
specimen was such that it may fit inside the SEM holder) Wet
grinding removed the damage caused during sectioning of the
component, replacing the greater damage with lesser damage
in the form of fine scratches. It was important not to induce
too much damage during sectioning.

Each stage of grinding

tended to finer abrasives; when using wheels care was taken
to maintain flatness during the process (altering grinding
direction aided in flatness). In between each stage the
specimen was thoroughly cleansed, especially when moving
between polishing stages. Polishing the sample induced even
finer scratches on the surface by diamond paste, again going to
finer abrasives until a mirror like surface was attained.
Grinding and polishing was employed down to 0.05μm
diamond suspension. After final polishing, the sample was
thoroughly cleansed with acetone and ethanol and then rinsed
in deionized water using an ultrasonic cleaning bath.

The

sample was then dried by airflow, so as not to leave any drying
marks.
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It was important not to lose any oxide layer formed on the
surface of the sample or the morphology of dissolution and
depth. Characterisation was carried out according to thickness
of oxide layer, structure, chemical composition of oxide and
general aspect using Optical Microscope (OM), Field Emission
-Scanning

Electron

Microscope

(FE-SEM)

and

Energy

Dispersive X-ray Spectroscopy (EDS).

4.2.2 HELIOS
Thermal–hydraulic tests were conducted over a six-year
period using a 12-meter tall LBE integral test facility. The
HELIOS was constructed in 2005 at NUTRECK in Seoul
National

University

in

the

Republic

of

Korea

and

is

schematically shown in Figure 4-7(a). The main design
criterion for HELIOS was to obtain a similar natural circulation
capability between the HELIOS and PEACER-300 designs.
PEACER-300 is the LBE cooled transmutation reactor (still at
a conceptual design stage) the HELIOS facility was modelled
on. HELIOS was scaled down and designed to have the same
total pressure loss coefficient as the PEACER-300. It consists
of the primary side with LBE and the secondary side with
single-phase oil. Figure 1 shows the main components of
HELIOS are a core, an expansion tank, a heat exchanger, a
mechanical pump, an orifice, a gate valve, a tee junction, a 45°
elbow, a 90° elbow, and straight pipes with 49.5 mm inner
diameter. Four electric heating rods in the core are the
principle heat source, yielding 60 kW when at maximum power.
The function of the expansion tank is to accommodate the level
change and to control the oxygen activity in LBE. The
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centrifugal sump type mechanical pump with ~14 m of LBE
head and 13.57 kg/s of flow rate was adopted in HELIOS to
provide forced convection of LBE (Cho, Batta et al. 2011).
Materials were sampled from the induction heater rods made
of SS304 situated in the mock-up reactor core of HELIOS as
shown in Figure 4-8. The shape of the material was a circular
thin pipe in which the elements were located inside packing
material, MgO. The chemistry of the material before LBE
corrosion is summarized in Table 4-1.
It is valuable and unique due to the fact that the sample
material removed from two of the heating rods has operational
history for over a six-year period with temperature and time
data used in various testing scenarios. It differs to other
studies in that the material has been subjected to thermo
cycling, taking into account expansion and contraction of the
heater rods outer curved surface. This of course wouldn’t
be considered in single period static cell tests and may
influence internal oxidation and oxide growth. The HELIOS
loop will also provide a more realistic result in regards to
corrosion on stainless steel material in a flowing environment
and other variables rising from such a large “ mini plant ”
system. Non-isothermal flowing conditions differ from static
tests in that the dissolution (or oxidation) rate remains
constant and sustained for prolonged periods of time. Hence,
LBE test loops are perfect test apparatus for long-term
corrosion studies with LBE. These loops can be destructively
examined after use with specimens being removed and
replaced.
As

shown Figure 4-7(b), over a

six-year period,

accumulated time for testing using the HELIOS loop was about
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2460 hours. In case of forced convection and materials test,
HELIOS was maintained at the identical temperature in whole
loop

including

core

heater tubes

without core

heating.

However, during natural circulation test, a temperature was
controlled from about 290℃ at the core inlet to about 337℃ at
the core outlet using heater power control (15kW). And an
average mass flow rate was measured a value of 2.3 kg/s in
natural circulation test. In the natural circulation test, the
distribution of outer wall temperature of core heater tube was
predicted by MARS-LBE simulation as shown in Figure 4-9.
Up to now, isothermal test period is about 2336hr(at about
350℃) and core heating period is about 124hr from HELIOS
operation history.
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Figure 4-3 Configuration of corrosion cell (500℃, 600℃ test)
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YSZ oxygen sensor
Thermocouple

Heater

(a) Corrosion cell:

(b) Oxygen control system:

Heaters controlled by PID

Control of partial pressure ratio
of H2/H2O

(c) Just after corrosion test

(c) Before LBE exposure,
10mmx20mmx2mm and
mirror polished

(d) After removal of residual LBE
And analyses of cross section

Figure 4-4 Photographs of LBE corrosion cell and corrosion
coupons
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Figure 4-5 Oxygen concentration versus temperature and
partial pressure ration of H2/H2O (Weisenburger 2012)
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Figure 4-6 History of temperature and oxygen potential in LBE
during 600℃ corrosion test
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(a) Configuration of HELIOS
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(b)Operation history of HELIOS since 2007
Figure 4-7 Location of core and operation experience of
HELIOS
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Core heater height: 1.2m

Location#2
Location#1

Core heater height: 1.2m

LBE flow

Figure 4-8 Dimension of HELIOS core heater, LBE flow
direction and sampling location to be examined
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Heater surface

Coolant

Figure 4-9 Calculated distribution of surface temperature
increase during core heater power on by MARS-LBE
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4.3 Result
4.3.1 Corrosion of SS304 at about 350℃
Samples taken from two different location of removed
HELIOS core heater made of SS304 was analyzed as shown in
Figure 4-10. In both samples, thin, single Fe-Cr spinel
structure and no signal of LBE attack were observed. The
oxide thickness of each sample was nearly same and uniform
(about 1.5μm) in the direction of circumference. Despite
different location (#1 & #2) in core, significant change of
oxide structure was not observed. According to the MARSLBE calculation, about 40℃ of temperature difference between
location #1 and location #2 can be caused by core heating and
LBE flow. Because the most operation period of HELIOS was
performed isothermally (at about 350℃) for 2336hr without
core heating, the change of oxide structure due to temperature
difference was very slight.

4.3.2 Corrosion of HT9 at 500℃
After exposure to LBE at 10-6wt% oxygen concentration
and 500℃ and for 1000hr, the oxide structure of HT9 was
examined. Typical duplex oxide layers composed of outer
magnetite and inner Fe-Cr spinel were observed as shown in
Figure 4-11. Each thickness of magnetite and Fe-Cr spinel is
about 8μm and 10μm, respectively. LBE was penetrated
inside magnetite but there was no LBE penetration into Fe-Cr
spinel and metal substrate. And slight Cr depletion was
appeared just beneath Fe-Cr spinel.
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4.3.3 Corrosion of T91, HT9 and SS316L at 600℃
Coupons of T91, HT9 and SS316L were tested in liquid
LBE

at

600℃

for

1000hr

and

2000hr

and

oxygen

-6

concentration in LBE was maintained at about 10 wt% during
whole test period. T91, HT9 and SS316L form Cr-oxide as a
corrosion protecting layer and each Cr content is about 8.5wt%,
11.5wt% and 17%, respectively. As ASME code certified
materials, they have been extensively used by structural
material.
As time passed, aspect of corrosion was dramatically
changed from oxidation to dissolution. For 1000hr test, duplex
oxide layers of magnetite and Fe-Cr spinel were uniformly
developed on the surface of all tree steels as shown in Figure
4-12. In contrast, much part of coupons of T91, HT9 and
SS316L was dissolved by LBE as shown in Figure 4-13 when
they were exposed to LBE for 2000hr. LBE was deeply
penetrated
Furthermore

into

metal

some

part

substrate
of

up

SS316L

to

about

coupons

300μm.
was

lost

(shortened width compared with other coupons).

T91
In case of T91 exposed to LBE for 1000hr, about 45μm of
total thickness of duplex layers were formed on the T91 steel
and magnetite and Fe-Cr spinel were similar in thickness as
shown in Figure 4-14(a). Inside duplex layer small quantity of
LBE was founded, but metal substrate was not damaged by
LBE. Cr content was high near interface Fe-Cr spinel and
metal substrate and slight Cr-depletion zone was observed
underbeneath this Cr-rich oxide.
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For 2000hr, most duplex layers were removed and LBE
and internal Cr-oxide were easily found in the metal substrate
as shown in Figure 4-14(a) ~ (e). Oxygen was diffused into
metal substrate boundaries and forms internal Cr-oxide along
grain boundaries. Internal Cr-oxide zone was located inside
metal substrate and the Cr depleted zone appeared in vicinity
of internal Cr-oxide. And LBE was penetrated into metal
substrate where Cr content is low. Cr-depleted zone tend to
alternate with internal oxide zone

HT9
Generally, the oxide structure of HT9 was very similar to
that of T91. For 1000hr, about 25μm of duplex oxide layers
were observed as shown in Figure 4-15(a). LBE was slightly
penetrated into duplex oxide layers and Cr-enriched oxide and
slight Cr-depletion zone appeared near the interface of Fe-Cr
spinel and metal substrate. As time passed up to 2000hr, most
of duplex oxide layers were removed, like T91. Internal Croxidation and LBE penetration was occurred along grain
boundaries (Figure 4-15(c) ~ (d)).

Near the internal Cr-

oxide, low Cr-region was formed and LBE intruded into low
Cr-region of metal substrate, like T91. Moreover, LBE was
severely penetrated into metal without forming any oxide like
Figure 4-15(e) since oxygen partial pressure was decreased
with the distance from environment.

SS316L
Though SS316L is austenitic structure unlike T91 and HT9,
general corrosion morphology is nearly same with T91 and
HT9. For 1000hr, uniform duplex layers were formed on the
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surface and no LBE attack was observed. Relatively thinner
duplex layers (about 20μm) were observed than FMS because
of higher Cr-content. For 2000hr, like T91 and HT9, most
duplex layers were not observed and Cr-depleted zone and
internal Cr-oxide was occurred as shown in Figure 4-16.
Figure 4-17 was summarized the result of corrosion test.
At low temperatures about 350℃ single, protective and thin
Fe-Cr

oxide

was

formed

on

SS304.

At

intermediate

temperatures about 500℃, still stable and protective duplex
oxide layers were observed on HT9. At high temperatures
about 600℃, first duplex oxide layer was formed, and then
most duplex layers were removed and severe LBE attack was
occurred in all three steels.
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(a) Oxide structure on HELIOS core heater (location #1-low)

(a) Oxide structure on HELIOS core heater (location #2-high)
Figure 4-10 Single stable oxide layer about 1.5μm thickness
on HELIOS core heater tube made of SS304 (about 350℃,
2460hrs)
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(a) Typical duplex oxide layers(outer magnetite and inner FeCr spinel) on HT9

(b) EDS profile of oxides on HT9 in 500℃ LBE for 1000hr;
some lead penetrated into outer magnetite
Figure 4-11 Stable duplex oxide layers formed on HT9 in 500℃
and ~10-6wt% oxygen concentration of LBE for 1000hr
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Figure 4-12 Stable duplex oxide layers formed on T91, HT9
and SS316L in 600℃ and ~10-6wt% oxygen concentration of
LBE for 1000hr; similar duplex oxide structures were formed
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(a) Overview of cross section of corroded coupons

(b) Oxidation and dissolution occurred on all materials
Figure 4-13 Unstable oxides and severe dissolution on T91,
HT9 and SS316L in 600℃ and ~10-6wt% oxygen
concentration of LBE for 2000hr
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(a) Stable duplex oxide layers on T91 (600℃, 1000hr)

(b) After removal of duplex oxide layers, Cr-rich layer and
slightly Cr-depleted region on T91 (600℃, 2000hr)
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(c) EDS analysis of Cr-rich layer, Cr-depletion zone and
internal Cr-oxide along grain boundaries (T91: 600℃, 2000hr)

(d) EDS analysis of metal substrate, severely dissolved region
(T91: 600℃, 2000hr)
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(e) EDS analysis of metal substrate severely dissolved region
just after removal of Cr-depleted zone in (d) (T91: 600℃,
2000hr)
Figure 4-14 SEM and EDS analysis of corroded surface on T91
at 600 ℃ and ~10-6wt%

oxygen concentration of LBE for

1000hr and 2000hr
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(a) Stable duplex oxide layers on HT9 (600℃, 1000hr)

(b) LBE penetration and reformation of Cr-rich oxide layer
underbeneath previous Cr-rich oxide layer after removal of
duplex oxide layers on HT9 (600℃, 2000hr)
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(c) EDS analysis of metal substrate near severe LBE
penetrated region (HT9: 600℃, 2000hr)

(d) EDS analysis of LBE penetrated region in Cr-depletion
zone and inner Cr-rich oxide reformed region (HT9: 600℃,
2000hr)
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(e) Severe LBE penetrated region without oxide formation
(HT9: 600℃, 2000hr)
Figure 4-15 SEM and EDS analysis of corroded surface on
HT9 at 600℃ and ~10-6wt% oxygen concentration of LBE for
1000hr and 2000hr
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(a) Stable duplex oxide layers on SS316L (600℃, 2000hr)

(b) EDS analysis of LBE penetrated region in Cr-depletion
zone and inner Cr-rich oxide reformed region (SS316L: 600℃,
2000hr)
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(c) EDS analysis of LBE penetrated region in Cr-depletion
zone and inner Cr-rich oxide region along grain boundaries
(SS316L: 600℃, 2000hr)
Figure 4-16 SEM and EDS analysis of corroded surface on
SS316L at 600℃ and ~10-6wt% oxygen concentration of LBE
for 2000hr
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Figure 4-17 Summary of corrosion test result of FMS and ASS
in LBE according to the three temperature regions(350℃, 500℃
and 600℃)
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Chapter 5 Discussion
5.1 Corrosion Processes in LBE
In previous chapter, corroded steels in LBE were analyzed
with 3 temperature ranges, such as 350℃, 500℃ and 600℃.
General degraded morphology of all steels including FMS and
ASS was similar. According to the previous researches and
this study, both materials form protective single (at very low
temperatures

less

than

350℃)

or

duplex

layers

at

temperatures less than 440℃, was still oxidized accompanied
with

LBE

intrusion

into

duplex

layers

at

intermediate

temperatures (440℃ < T < 500℃), and start to dissolution at
temperatures higher than 500℃. As temperature and duration
time were increased, the oxide structure was thickened and
changed from single structure to duplex structure and the
thickened oxide could be spalled by the compressive stress
due to growth of the oxide. After removal of duplex oxide
layers, Cr-oxide due to the selective oxidation and Crdepletion
observed.

zone

caused

Finally

by

structural

selective
materials

Cr-oxidation
may

suffer

were
from

dissolution at high temperatures for a long time of LBE
exposure.
According to the Ellingham diagram in Figure 2-10,
corrosion test conditions at all temperatures, 350℃, 500℃ and
600℃ are thermochemically same where is magnetite, Croxide and Fe-Cr spinel stable region. But steels formed
different oxide structure according to the temperature, such as
single Fe-Cr spinel or duplex oxide layers of outer magnetite
and inner Fe-Cr spinel kinetic due to fast kinetics, in other
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words fast ionic diffusion, by elevation of the temperature.
Thus, without changing thermochemical domain, phenomena at
the low temperature may be similar to initial stage at the high
temperature.
Therefore, the corrosion process in liquid LBE at the high
temperatures can be supposed like following sequence as
illustrated in Figure 5-1;
1. Protective single oxide layer of Fe-Cr spinel
2. Protective duplex oxide layers of outer magnetite and inner
Fe-Cr spinel
3. LBE penetration into outer magnetite and then into Fe-Cr
spinel and formation of Cr-enriched oxide and Cr-depletion
zone near Fe-Cr spinel / metal interface
4. Removal of duplex oxide layers by the LBE penetration
through Cr-depleted zone
5. Re-passivation by selective oxidation of Cr and Crdepletion near Cr-rich oxide
6. Spalling oxide and repeat step 5 and 6
7. Failure of re-passivation and LBE penetration into Crdepletion zone of metal substrate and then back to step 5
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(a) Single protective oxide (Fe-Cr spinel) formation on steels
at 350℃ in LBE

(Müller, Heinzel et al. 2004)

(b) Duplex oxide formation on steels at 420℃ in LBE

(Weisenburger 2012)

(c) LBE penetration into duplex oxide layers on steels at 450℃
and 500℃ in LBE
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(d) Internal oxidation and Cr-depletion zone underbeneath
duplex oxide layers on steels at 600℃ in LBE
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(e) Removal of duplex oxide layer and repeated Cr-depletion
zone and internal oxide at 600℃ in LBE
Figure 5-1 Possible sequence of corrosion processes from
oxidation to dissolution on steels at high temperatures
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5.2 Spalling Oxides and Re-passivation
5.2.1 Spalling oxides: determination of allowable
thickness of oxides
Since oxide layers formed on the surface of materials can
be cracked by mechanical stresses, the bare metal surface
exposed

to

environments

can

re-form new

oxides

as

illustrated in Figure 5-2. It is known that stress can be given
rise to oxide growth, temperature change and substrate
deformation, etc. Since most of tests in this thesis was
performed using small corrosion coupons in static corrosion
cell, the breakdown of oxide layers would be attributed to the
compressive stress according to the oxide growth.
Pilling and Bedworth first established the stress induced by
oxidation process (Pilling and Bedworth 1923). In their model,
the transition from the metal lattice to the cation lattice of the
oxide causes the volumetric change. The ratio of the change is
termed the Pilling-Bedworth ratio (PBR) i.e., the ratio of the
volume per metal ion in the oxide to the volume per metal atom
in the metal. PBR ’ s of important oxides in steels are
summarized in Table 5-1 (Birks, Meier et al. 2009) (Kofstad
1988).
Oxides would be subjected to the compressive stress if
PBR was larger than 1. On the contrary, the tensile stress
would be accumulated if PBR is less than 1. The resultant
strain due to volume change can be calculated as following
(Bernstein 1987);
=

/

−1

(5-1)
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where, w is stress reducing constant.
Assuming elastic deformation, oxide growth stress would be
like following Equation 5-2.
=−

(5-2)

where, Eoxide is the elastic modulus of the oxide and νoxide is
the Poisson’s ratio of the oxide.
The change of oxide composition can also give a growth
stress inside the oxide (Appleby and Tylecote 1970). Howes
experimentally proved the stress build-up by the change of
composition of Cr and Fe in the oxide in the Fe-Cr steel
(Howes and Richardson 1969). As described above, besides
the oxide growth stress, the difference of thermal expansion
due to temperature change could be lead to oxide cracks in the
realistic environment.
From corrosion test results, profiles of oxide thickness
were plotted in Figure 5-3. Figure 5-3 (a) ~ (d) showed
continuous, spatially

uniform,

and

stable

oxide

because

relatively thin oxide structures maintained the integrity of
oxides. However thick oxides at 600℃ for 2000hr were easily
broken and metal dissolution occurred in Figure 5-3 (e) ~ (g).
Thus maximum allowable thickness of duplex layer without the
loss of integrity was empirically obtained; 44μm for FMS and
25 μm for ASS (standard deviations of both steels were about
6μm).

5.2.2 Cr-depletion and Re-passivation:
determination of allowable temperatures
The depletion of passivating element in metal substrate
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would

aggravate

the

corrosion

resistance.

Typical

Cr-

depletion by selective oxidation on alloy 800 at 800℃ under
low cycle fatigue test appeared just beneath oxide as shown in
Figure 5-4 (a) (Betz, Brunetaud et al. 1986).
The concentration of passivating elements, as illustrated in
Figure 5-4 (b), could be calculated from the diffusion equation
with following basic assumption;
• Interdiffusion coefficient D is independent of concentration
• Oxide growth cause a proportional displacement of the
metal/oxide interface
• The dimensions of the substrate are sufficiently large
Parabolic

oxidation

law was

obtained

from diffusion

equation by Wagner (Wagner 1952).
∆ = √2

(5-3)

where, ∆

is instantaneous oxide thickness, k is the parabolic

rate constant and t is time.
Fick’s second law considered as a semi-infinite medium law
is this;
=

, for t=0 and 0≤x≤∞ (Fick’s second law)

(5-4)

where, N is the mole fraction of passivating element (Cr) at
position x and

D is diffusion coefficient of passivating

element in alloys.
And from Fick’s first law, following equation is obtained.
(1 −

)

first law)

∆

=−

[ (

)]

≈

, for t>0 and at x=0 (Fick’s
(5-5)

where, c is the number of gram-atoms of metal per unit
volume of the alloy and Ni is mole fraction of passivating
element (Cr) at alloy-oxide interface (x=0).
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Initial condition is given like that N is same with bulk
concentration (Nb) for x>0 and at t=0.
Thus solution is like following equation.
) erfc

(1 −

−

=

, for t>0

√

(5-6)

From Equation 5-6, the concentration of passivating element
at the interface of oxide-alloy can be calculated by x=0.
=

−

The value of

/ 1−

, for t>0

(5-7)

cannot be negative, in other words, to form

stable oxide Ni must be positive. Thus critical concentration I,
minimum concentration in bulk alloy, to form stable oxides was
derived by Wagner (Wagner 1952).
,

≥

: Critical concentration I

Considering

depletion

of

(5-8)
passivating

elements,

concentration drop occurs at the alloy-oxide interface as
shown in Figure 5-4(b)
∆

=

−

= (1 −

)

(5-9)

When oxides are cracked by various causes, the second bulk
critical concentration is required to re-form an oxide, i.e. Ni
must be larger than critical concentration I, as followings
,

≥

,

+ ∆

=

−

−

Critical concentration II (Whittle 1972)

:
(5-10)

If the failure of passivity occurs at time t*, concentration of
passivating element is re-subjected to the diffusion equation.
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, for t>t* and 0≤x≤∞ (Fick’s 2nd law)

=

(5-11)

Relating the flux of passivating elements out of the alloy to the
rate of increase in oxide thickness, the boundary condition at
x=0 (alloy-oxide interface) is given as following equation;
( ))

= (1 −

(

∗) /

, for t>t* and t=0

(5-12)

And the initial condition is given by Equation (5-6) with t=t*;
=

t=t*,

(1 −

−

) erfc

for 0≤x≤∞

√

(5-13)

From above equation, the approximate solution (for t>t*) was
obtained by Whittle (Whittle 1972) as following equation.
) ∙ erfc

∙ (1 −

−

=
1+

sin

=

−

∗

∗)

(

+ ∫

∗

∗

∙

exp −

(

)

(5-14)

The concentration of alloy-oxide interface is given by;

for t>t* and x=0

−

∙ (1 −

)∙

sin

∗

(5-15)

The change of concentration of passivating element at the
alloy-oxide interface (Ni) with time after spalling at t* was
schematically given in Figure 5-5. Just after spalling oxides,
at t=t* and x=0, the interfacial concentration of passivating
elements has to be higher than critical concentration I.
At t=t*,

≥

,
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−

−

(1 −

) ≥

,

(5-16)

In other words, critical concentration III was derived to
guarantee the rapid re-passivation just after spalling oxides
(Whittle 1972) (Schutze 1991).
,

≥=

−

−

: Critical concentration III

(5-17)

Critical concentration I, II and III are related to oxide

formation, possibility of re-passivation and rapid passivation,
respectively. Those are summarized in Table 5-2.
These three critical concentrations can be expressed by the
function of a common factor, k/D. This factor that means the
relationship between the oxide growth and the diffusivity of
the passivating element for the replenishment can be used in
evaluation of corrosion resistance characteristics. The low k/D
represents slow oxide growth, less Cr-depletion and low
critical concentration for continuous oxide formation. On the
contrary, High k/D means fast oxide growth, severe Crdepletion and high critical concentration for continuous oxide
formation. k/D parameters of various steels obtained to
evaluate passivity in Table 5-3 (Whittle, Wood et al. 1967)
(Essuman, Meier et al. 2008). The border line of stable
oxidation in Figure 5-6 agreed with literature result that
degradation mode would be changed from oxidation to
dissolution at 450~500℃ for ASS and FMS. Based on these
parameter, allowable maximum temperatures to be insure the
rapid re-passivation were obtained; about 470℃ for FMS and
ASS as shown in Figure 5-6. The maximum temperature of
cladding where is one of the hottest locations of MYRRHA and
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URANUS is designed to be about 470℃, fortunately.
Because of extremely low k value, FeCrAl steels forming
alumina as protective layer have a lower k/D values than
conventional FMS or ASS. So the allowable temperature of
FeCrAl is much higher than that of FMS or ASS.
Therefore, allowable operation condition can be determined
through the sequence of Figure 5-7. Two life limit criteria
were obtained with materials: oxide thickness limit for its
integrity, allowable temperature for passivity. Thickness limits
were determined as 44μm for FMS and 25 μm for ASS, and
temperature limits are commonly about 470℃.
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Table 5-1 Pilling-Bedworth ratio of various oxides (Birks,
Meier et al. 2009)
Oxide

PBR

FeO

1.68

Fe2O3

2.10

Fe3O4

2.14

Cr2O3

2.07

Fe-Cr spinel

2.1

Al2O3

1.28

SiO2

2.15
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Table 5-2 Critical centration of Cr to form protective oxide
layers or re-passivation layers
Atomic
fraction, N

N < Nb, crit I

Nb,

crit I<

N <Nb,

crit II

Nb,

Note

Not enough

alloy

cencentration

< N <

Nb, crit III
N > Nb, crit III

form

continuous stable oxide layer
Initially protective oxide formed,
Insufficient to re-passivate after spalling
oxide

crit II

to

Slow re-passivation rate

Rapid re-passivation rate
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Table 5-3 Thermodynamic data to calculate passivity
evaluation parameter (k/D) of each steels
(a) Parabolic rate constants and diffusion coefficients of FMS
and ASS with temperatures
T [℃]

kFMS
2

DCr in FMS kSS316L

[cm /s]

2

[cm /s]

2

[cm /s]

DCr in ASS
2

[cm /s]

kFeCrAl
2

[cm /s]

DAl in FeCrAl
[cm2/s]

400

2.10E-14 6.40E-11 9.80E-16 2.30E-12 8.00E-22 4.33E-19

450

8.70E-14 9.60E-11 6.50E-15 4.50E-12 7.21E-21 9.04E-18

500

2.90E-13 1.40E-10 3.40E-14 7.90E-12 4.87E-20 1.27E-16

550

8.40E-13 2.00E-10 1.40E-13 1.20E-11 2.61E-19 1.30E-15

600

2.10E-12 2.60E-10 4.50E-13 2.00E-11 1.15E-18 1.01E-14

700

1.00E-11 4.10E-10 4.00E-12 4.10E-11 1.10E-17 3.30E-13

(b) Comparison of k/D parameter of various steels
T [℃]

k/D(FMS)

k/D(SS316L)

k/D(FeCrAl alloy)

400

3.28E-04

4.26E-04

1.85E-03

450

9.06E-04

1.44E-03

7.98E-04

500

2.07E-03

4.30E-03

3.83E-04

550

4.20E-03

1.17E-02

2.01E-04

600

8.08E-03

2.25E-02

1.14E-04

700

2.44E-02

9.76E-02

3.33E-05
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Figure 5-2 Schematics of breakaway of oxides on Fe-Cr steels
by accumulation of compressive stress due to oxide growth
(Wood and Stott 1987)
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(a) Distribution of thickness of oxide on core heater tubes of
HELIOS at 350℃; protective oxide layer

(b) Distribution of thickness of oxides on HT9 at 500℃;
protective oxide layer
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(c) Distribution of thickness of oxides on T91 (FMS) at 600℃
for 1000hr; protective oxide layer

(d) Distribution of thickness of oxides on SS316L (ASS) at
600℃ for 1000hr; protective oxide layer
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(e) Distribution of thickness of oxides on T91 (FMS) at 600℃
for 2000hr; unstable oxide layers

(f) Distribution of thickness of oxides on HT9 (FMS) at 600℃
for 2000hr; unstable oxide layers
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(g) Distribution of thickness of oxides on SS316L (ASS) at
600℃ for 2000hr; unstable oxide layers
Figure 5-3 Distribution of oxide thickness of FMS and ASS at
various temperatures
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(a) Typical Cr-depletion by selective oxidation on alloy800 at
800℃ (Betz, Brunetaud et al. 1986)

(b) Profile of Cr-concentration into metal substrate and
determination of critical concentration II,

,

Figure 5-4 Schematics of Cr-depletion beneath Cr-oxide layer
on steels

116

Figure 5-5 Change in concentration of Cr at the metal-oxide
interface with time after spalling oxide: determination of critical
concentration III,

,

(Whittle 1972)
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Figure 5-6 Temperature range for formation of stable and
protective oxide by calculation of critical concentration of
corrosion resistant element in steels
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Figure 5-7 Determination of life limit criteria for corrosion
protection
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5.3 Oxidation Prediction by the Parabolic Law and
Proposition for Long Term Operation in High
Temperature LBE
As described in previous chapter, the thickness of oxides
can be predicted by parabolic oxidation law. Numerous data
from literatures (Lim 2010) (Kondo, Takahashi et al. 2005)
(Kurata, Futakawa et al. 2005) (Müller, Heinzel et al. 2004)
(Furukawa, Müller et al. 2004) (Deloffre, Terlain et al. 2002)
(Benamati, Fazio et al. 2002) (Fazio 2001) (Li, He et al. 2001)
(Aiello, Azzati et al. 2004) (Fazio 2003) (Barbier 2001)
(Martinelli, Balbaud-Celerier et al. 2005) (Gnecco, Ricci et al.
2004) (Gomez-Briceno, Crespo et al. 2004, Soler, Martín et al.
2004)

(Martin,

Soler

et

al.

2004)

was

plotted

with

temperatures for T91, HT9 and SS316L in Figure 5-8 ~ 11.
From the least square fitting, k values (parabolic rate constant)
were obtained in Table 5-3 (a).
For T91, prediction was good agreement with test results
from literatures at temperatures below 500℃, but large
deviations from prediction and the start of dissolution was
observed at temperatures above 535℃. For HT9, parabolic law
was valid at low temperature (T<500℃) like T91 and the
parabolic rate constant was almost same value with that of
T91. FeCrAl and FeCrSi gave a great corrosion performance
even at high temperature (T=600℃) as shown in Figure 5-10.
For SS316L, thin single Fe-Cr spinel layer was formed at
temperature

below

about

450℃,

and

duplex

layers

at

temperature above about 450℃. And dissolution was started at
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temperatures about 500~550℃ and oxidation results were
consistent with the prediction before dissolution like T91 and
HT9. And the predicted oxide thickness of SS316 is thinner
than that of T91 or HT9.
From corrosion results of various steels, the thickness of
oxide is generally like this: FeCrAl alloys < FeCrSi alloys <
SS316L < HT9 ≒ T91. And initiation of dissolution time is
SS316L < HT9 ≒ T91. Oxidation prediction by parabolic law
is valid at temperatures lower than dissolution temperatures.
In other words, as long as stable passive oxides are sustained,
the prediction works. After the start of dissolution, large
deviation from prediction was observed
The allowable operation time can be obtained using 44μ
m-thickness for FMS and 25μm-thickness for ASS by
parabolic law as shown in Figure 5-12 (a). Considered
operating temperatures and life of MYRRHA, SVBR-100 and
URANUS, the suitability of conventional FMS and ASS was
estimated in the time-temperature map in Figure 5-12 (b)
and

oxidation

thicknesses

and

expected

degraded

morphologies just after their lifetime were summarized in
Figure 5-13. Conventional ASS may be enough to endure
corrosion during lifetime in MYRRHA and URANUS, but new
materials approach might be needed to insure corrosion
resistance due to high operating temperatures.
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Figure 5-8 Prediction of thickness of oxide layers on T91
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Figure 5-9 Prediction of thickness of oxide layers on HT9
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Figure 5-10 Prediction of thickness of oxide layers on FeCrAl
and FeCrSi steels (newly developed materials)
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Figure 5-11 Prediction of thickness of oxide layers on SS316L
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(a) Operation limit: time-temperature for FMS and ASS

(b)Operation limit: MYRRHA, SVBR-100 and URANUS
Figure 5-12 Operation limit: oxide growth time by parabolic law
and temperature maintained the re-passivity by k/D parameter
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Figure 5-13 Prediction of corrosion depths and typical
degraded morphologies in various LFR’s (Martin, Soler et al.
2004) (Müller, Heinzel et al. 2004)
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Chapter 6 Conclusion
6.1 Findings and Summary
In order to understand corrosion mechanism in LBE, oxide
structure analysis was made after corrosion test of two
important stainless steels; one is FMS: T91, HT9, and the
other is ASS: SS316L, SS304. HELIOS core heater made of
SS304 was analyzed after LBE exposure at 350℃ for 2460hr.
HT9 exposed to LBE at 500℃ and 10-6wt% of oxygen
concentration for 1000hr was analyzed. And T91, HT9 and
SS316L was tested in 600℃ and 10-6wt% of oxygen
concentration LBE cell for 1000hr and 200hr. From test
results, corrosion occurred by the oxidation at temperatures
below 500℃, but dissolution was started at 600℃ for FMS and
ASS. Generally, duplex oxide layers – outer magnetite layer
and inner Fe-Cr spinel - were observed in FMS and ASS. The
typical corrosion morphologies modes with temperatures were
summarized for FMS and ASS in Figure 6-1 and Table 6-1.
Based on the test results, degradation transition process
from oxidation to dissolution is like following;
1. Protective single oxide layer of Fe-Cr spinel
2. Protective duplex oxide layers of outer magnetite and
inner Fe-Cr spinel
3. LBE penetration into outer magnetite and then into Fe-Cr
spinel and formation of Cr-enriched oxide and Crdepletion zone near Fe-Cr spinel / metal interface
4. Removal of duplex oxide layers by the LBE penetration
through Cr-depleted zone
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5. Re-passivation by selective oxidation of Cr and Crdepletion near Cr-rich oxide
6. Spalling oxide and repeat step 5 and 6
7. Failure of re-passivation and LBE penetration into Crdepletion zone of metal substrate and then back to step 5
Based on Cr-depletion and re-passivation phenomena, k/D
parameter was proposed to evaluate the characteristics of
corrosion resistance. Maximum allowable oxide thickness of
duplex

layers

maintained

the

integrity

was

empirically

determined by 44μm for FMS and 25μm for ASS. T91, HT9
and SS316L would be maintained the enough passivity at
temperatures up to 470℃. MYRRHA and URANUS can be
successfully constructed using ASME code certified FMS and
ASS by these operation criteria.
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Table 6-1 Summary of degradation modes for FMS and ASS
and mitigation options against corrosion according to the
temperature ranges
Temperature

Cr-oxide forming

Cr-oxide forming

ranges

Ferritic/martensitic

Austenitic stainless

steels

steels

Protective duplex

Protective (Fe,Cr)

layer

single oxide layer

⇒ adequate oxygen

⇒ adequate oxygen

controlled

controlled

440℃

Protective duplex

Protective duplex

~500℃

layer:

layer:

LBE penetration into

LBE penetration into

oxides

oxides

⇒ adequate oxygen

⇒ adequate oxygen

controlled

controlled

⇒ Pre-service

⇒ pre-service

passivation

passivation

500℃

Unstable duplex

Unstable duplex

~600℃

layer:

layer:

LBE attack into

LBE attack into

substrate

substrate

⇒ surface treatment

⇒ surface treatment

such as GESA

such as GESA

⇒ New alloy

⇒ New alloy

approach

approach

T<440℃
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Figure 6-1 Change of corrosion modes for FMS and ASS
according to the temperatures (Fazio 2001) (Müller, Heinzel et
al. 2004) (Weisenburger 2012) (Martin, Soler et al. 2004)
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6.2 Future Work
Corrosion test using conventional FMS and ASS
Additional corrosion tests in flowing loop as well as static
cells should be performed at temperature range 500℃ ~ 600℃
in order to clearly understand the transition oxidation to
dissolution. Corrosion tests at low oxygen concentration
forming only Fe-Cr spinel should be also performed to know
whether magnetite is protective or not.

FeCrSi and FeCrAl alloys
As newly developed alloys, test data to be evaluated the
corrosion characteristics are very restricted.
One of the most promising approaches to solve corrosion
problem in LBE is functionally graded composite method. In
this approach, the process of pilgering and drawing tubes
should be developed in order to apply to fuel cladding or steam
generating tubing. And corrosion and mechanical performance
of manufactured tubes should be evaluated by tests.

Cause of spalling oxides
Many factors cause spalling oxide. In flowing system,
besides oxide growth stress LBE flow rate and temperature
variation with time may take important role in spalling oxides.
And the resultant stress should be evaluated by the theoretical
calculation, computational simulation or empirical approach in
flowing LBE environment.
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Appendix – The making procedure an
oxygen sensor for liquid lead alloys
using a YSZ tube
1.

Fit the adequate length of alumina tube (3mmOD*2mmID)
into Ceramaseal® feedthrough for insulation from tail block.

2.

Prepare a sufficiently long Mo wire having almost same
length with YSZ tube and SS tube. Spot-weld the Mo wire
to Ceramaseal® feedthrough.

3.

Put the tail block into Ceramaseal® feedthrough.

4.

Fit the adequate length of alumina tube (2mmOD*1mmID)
into Mo wire for electrical insulation from tube part.

5.

Cut the adequate length of stainless steel tube for your
system, and fix onto the tail block.

6.

Fit the sufficient length of alumina tube (2mmOD*1mmID)
into Mo wire for insulation from neck block, and fix the
neck block onto the tube.

7.

Grind the Bismuth powder and Bismuth(Ⅲ) oxide together
with the same ratio by using a mortar. We put 2g of ground
mixture into the YSZ tube. Beware of powder packing. If
being packed in advance of the step 8, the Mo wire cannot
penetrate into the powder.

8.

Penetrate the Mo wire with all assembled parts into YSZ
tube containing powder as deep as possible with caution.

9.

Fill up the YSZ tube with the glass wool to prevent leaking
of powder while penetrating the Mo wire into YSZ tube

10. Tap the YSZ tube to make the powder packed.
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11. Cover the YSZ tube with adequate length of protecting
tube(3/8” SS tube)
12. Weld by electron beam or laser.
13. After finishing the E-beam (or laser) welding, the final
product is shown in Figure 3.
14. CAUTION: Considering leakage of the powder, the sensor
should be placed vertically!! (down-direction: YSZ tube,
up-direction: feedthrough)
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Specification of main elements of oxygen sensor
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Assembling procedure of YSZ oxygen sensor
CAUTION: After insertion of the powder, the sensor should be placed vertically!!
(down-direction: YSZ tube, up-direction: feedthrough)
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Main parts and their specification
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Assembled YSZ oxygen sensor
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초

록

납냉각 고속로 구조 재료의 수명
예측을 위한 부식 거동 연구
페라이트계 / 마르텐사이트계 스테인리스강인 T91과 HT9
및 오스테나이트계 스테인리스강인 SS316L 등의 고속로 건설
에 사용될 기존의 주요 구조 재료에 대한 부식 메커니즘의 이
해를 바탕으로 납 혹은 납-비스무스 환경에서 이들 재료의 부
식 거동을 이해하기 위해 연구가 진행되었다. 납-비스무스 환
경에서 부식 거동을 이해하기 위해서 350℃ 온도의 유동 환경
의 납-비스무스에서의 루프에서 얻은 부식 시편을 포함하여
최대 2000시간 동안 600℃의 온도까지 부식 시험이 수행되었
다. 부식 시험 결과를 바탕으로 부식 진행단계가 다음과 같이
이루어짐을 밝혀내었다.
1. 시간에 따른 이중 산화막의 생성 및 성장 - 바깥쪽에 마
그네타이트, 안쪽에 철-크롬 스피넬로 구성되어 있음
2. 납-비스무스의 침투에 따른 외부 마그네타이트의 제거
3. 산화막 성장에 따른 기계적 응력 증가로 실질적으로 보호
피막의 역할을 하는 철-크롬 스피넬 구조의 파괴
4. 재-부동태화로 철-크롬 보호 피막의 재결성
5. 선택적 크롬의 산화 현상에 의해 발생된 크롬 고갈 영역
에서 철-크롬 보호 피막 부동태화 실패
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6. 금속 용해: 결정립계를 따라 납-비스무스의 금속 구조
재료 내부로 침투 및 금속 용해
납-비스무스 환경에서 부식 현상을 막기 위해 크롬 고갈 현
상과 크롬 산화막의 부통태 특성에 기반한 두 가지 운전 기준
을 다음과 같이 제시하였다.
l 구조 재료의 화학 조성을 고려하여 부동태 특성 유지할
수 있는 온도 조건을 열화학적 계산으로 예측하여 허용
가능한 운전 온도 제한
l 부식 시험 결과를 바탕으로 산화막의 구조적 건전성이 유
지되는 두께까지 성장에 걸리는 시간으로 구조 재료의 부
식에 대한 수명을 예측
크롬 산화막을 보호피막으로 활용하는 기존의 철강 재료에
서는 납 혹은 납-비스무스 환경에서 470℃의 온도까지 그리고
T91, HT9과 같은 페라이트계 / 마르텐사이트게 스테인리스강
과 SS316L과 같은 오스테나이트계 스테인리스강에서는 산화
막이 각각 대략 44μm, 25μm까지 성장하기 전까지는 충분한
내식성을 보여줌을 나타내었다. 만일 470℃ 이상의 고온 환경
의 납 혹은 납-비스무스 환경에 적용하기 위해서는 부식 저항
성이 더욱 우수한 알루미늄 산화막 혹은 실리콘 산화막을 형성
하는 합금 재료가 사용되어야 한다.
MYRRHA와 같은 현재 개발하고 있는 납냉각 고속로의 운
전 조건을 고려할 때, 기존의 페라이트계 / 마르텐사이트계 스
테인리스강 과 오스테나이트계 스테인리스강으로 충분히 부식
문제를 극복할 수 있을 것으로 판단되며, 나아가서 알루미늄
153

혹은 실리콘 산화막을 활용하는 합금 역시 코팅 혹은 기능성
복합 재료의 방법으로 빠른 시일 내에 상용화를 목표로 연구가
진행 중에 있다.

주요어:

납-비스무스, 페라이트/마르텐사이트강, 오스테나이트 스테
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