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ABSTRACT

The corrosion of current collector materials in Molten Carbonate Fuel Cells (MCFC) is
investigated. The essential aims of this investigation were to study the corrosion behaviour of
different materials, in varying cathode and anode MCFC environments, and to study the
contact corrosion resistances between the MCFC current collector and electrodes. For these
purposes, pure iron, iron-chromium binary alloys and several commercial steels were
investigated in molten carbonate melts within the pot-cell laboratory set-up. In addition, the
contact corrosion resistances, between an AISI 310 current collector and two cathodes (NiO
and LiCoO2), were studied in a laboratory fuel cell. Post-tests were done to study the
corrosion products formed at the surfaces.

In cathode environments, corrosion potential increased over time as a protective corrosion
layer slowly formed. Eventually, the potential reached a stable value close to the cathode
operating potential. The main cathode reaction, as corrosion potential increased, changed
from water reduction to oxygen reduction. Corrosion rate under the operating cathode
condition depended on the chromium content; the higher the concentration of chromium, the
lower the corrosion rate. The corrosion rates of ferritic steels, with high chromium content,
and AISI 310 were higher at the so-called outlet operating condition in comparison to the
standard and so-called inlet conditions. The corrosion rate was higher at the beginning of the
exposure, which resulted in a relatively fast corrosion layer growth that slowed as the
protective layer was formed. It was shown that the corrosion layers, formed on iron-chromium
alloys, AISI 310 and ferritic high chromium-containing steels, consisted of two layers. The
outer layer was porous and iron rich, while the inner layer was quite compact and rich in
chromium and/or aluminium. Therefore, the corrosion behaviour was dependent on the
corrosion layer structure at the metal surface.

In anode environments, the beneficial behaviour of aluminium in ferritic alloys, with high
aluminium contents, was due to the formation of aluminium oxide and/or lithium aluminium
oxide at the surface. The corrosion rates at the standard and outlet conditions were of the same
order of magnitude, while the corrosion rates at the inlet conditions were considerably higher.
The lower temperatures and higher carbon dioxide concentrations in the inlet conditions
appeared to result in a surface layer deficient in aluminium. A modified theoretical model was
developed to evaluate the corrosion current densities from experimental polarisation curves or
linear polarisation resistance measurements in anode environments. The fittings were found to
be very good.

An experimental method was developed for in-situ measurements of the contributions to the
total ohmic losses at the cathode in a laboratory scale MCFC. The contact resistance between
the cathode and current collector contributed quite a large value to the total cathode
polarization. The corrosion layer, formed between the LiCoO2 cathode and AISI 310 current
collector, was iron-rich and more porous, and contained a small amount of cobalt. This was
deemed to consist of a two-phase oxide, which resulted in a lower conductivity. The corrosion
layer, formed between the NiO cathode and AISI 310 current collector, was rich in nickel.
The corrosion layers on the AISI 310, in contact with the cathode, had a different composition
compared to samples immersed in carbonate melts.

Key words: molten carbonate fuel cell (MCFC), corrosion, current collector, contact corrosion
resistance.
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1 . Introduction

1.1. The molten carbonate fuel cell (MCFC)

The molten carbonate fuel cell essentially consists of three parts: anode, cathode

and molten carbonate electrolyte. The principle of an MCFC is shown in Fig. 1.

Currently, anodes are manufactured from porous nickel with 2-10% chromium or

aluminium content, so as to improve the creep resistance. State-of-the-art cathodes are

manufactured using in-situ oxidised and lithiated porous nickel oxide. The electrolyte

matrix is made from porous LiAlO2, and is completely filled with a 62 mol% Li2CO3

and 38% mol% K2CO3 (or 60% Li2CO3 and 40% Na2CO3) carbonate mixture.

Separator plates (also called bipolar plates) and current collectors also function as the

single-cell housing components and provide cell-to-cell electronic contact.

Fuel gas enters at the anode side by flowing through the anode corrugated current

collector. H2 acts as the reacting species, while H2O and CO2 are also important

components of the fuel gas. The hydrogen is generated from natural gas, but biogas is

also a possible fuel gas. An oxidising gas, consisting of O2, CO2 and H2O flows

through a corrugated current collector at the cathode side. The operating temperature of

an MCFC is 580-7000C.

Electrolyte in LiAlO2 Matrix

Separator (bipolar) plate

Separator (bipolar) plate

Anode
gas in

Anode
gas out

Cathode
gas in

Cathode
gas out

Anode current collector

Cathode current collector

Anode (porous Ni + 2-10% Cr or Al)

Cathode (porous lithiated NiO)

Fig. 1. The principle of a molten carbonate fuel cell
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The reaction at the anode is the electrochemical oxidation of hydrogen:

H CO H O CO e2 3
2

2 2 2+ ⇔ + +− − (1)

At the cathode the oxygen reacts with carbon dioxide and is reduced to carbonate ions:

1
2 2 2 3

22O CO e CO+ + ⇔− − (2)

The overall cell reaction is:

H O H O2
1
2 2 2+ ⇔ (3)

A single operating cell voltage is typically 0.8 V, while current density values of

150 mA/cm2 are generally obtained. To produce larger currents, increase in electrode

active area is required, while stacking individual cells in series is done for achieving

useful voltages. Usually, cells are connected in series by the separator plates, which are

in contact with the anode and cathode current collectors. Considering the materials

properties, a separator plate or current collector needs to be corrosion resistant in

particular.

The molten carbonate fuel cell (MCFC) first appeared in the literature during the

late 1940’s, and Broers and Ketelaar demonstrated the first prototype in the 1950’s 1.

The first pressurised MCFC stacks were operated during the early 1980’s 2. Today, the

molten carbonate fuel cell is considered to be a second-generation fuel cell, due to its

high electrical efficiency and ability to employ natural gas with internal reforming. The

development of the MCFC has reached the MW-scale pilot plant stage, yet there still

remains many obstacles delaying its introduction to industrial or commercial

applications. One such obstacle is the corrosivity of components in the molten salt

environment.

1.2. The separator plate and current collector materials

The separator plate and current collector are explained in Fig. 1. The materials

used for these components must be stable in both reducing and oxidising

environments. The challenge is to find a material or combination of materials, which

practically and economically satisfy this requirement. Among the manufacturing costs

of a molten carbonate fuel cell system, the greatest emphasis has been placed on the
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separator plate and current collector, which takes up to 50% of the total cost 3. Stainless

steels and various nickel alloys are the principal structural materials of the MCFC. The

separator plate and current collector contact the fuel gas channel, on the one side, and

the oxidant gas channel on the other. However, the carbonate electrolyte, through

creepage and by evaporation and condensation, forms a film that covers the flow

channel walls. Therefore, these are subject to corrosion in conditions that highly

resemble those of current collectors in a single cell.

At least sixty different high-temperature alloys, including Ni-, Co- and Fe-base

chromic- or alumna-forming alloys, for being used as current collectors and/or

separator plates in molten carbonate fuel cell (MCFC), have been evaluated so far by

various developers 3. The high-chromium (Cr > 18%) Fe-Cr ferritic stainless steels are

low cost but not sufficiently corrosion resistant in both anode and cathode environment.

High-nickel nickel-base alloys (e.g. Inconel 600 with 75% Ni) has acceptable anode-

side corrosion resistance, but because of its high cost, it can not be a realistic choice.

The high-chromium Fe-Cr ferritic stainless steels are lower in cost but not sufficiently

corrosion resistant in the anode environments.

The Fe-Ni-Cr austenitic stainless steel 310S and 316L are the current choices for

their acceptable cathode-side corrosion resistance and relatively low cost. However,

because of their low corrosion resistance in the anode environment, a protective nickel

coating is required in the anode side. To eliminate the need of this protective coating,

single-alloy bipolar current collector materials that perform acceptably in both

environments need to be developed. Currently, none of the performed studies have

identified a suitable alloy for both cathode and anode environments, so that a bi-metallic

design has been suggested 4. This is made up of a high-chromium alloy, at the cathode

side, and high-aluminium alloy at the anode side.

1.3. Literature study of corrosion in the molten carbonate fuel cell

Corrosion in the MCFC takes two principal forms: the first is hardware

corrosion, such as the current collector, separator plate or cell housing that prevails

during the initial stages of cell or stack life; while the other is the dissolution of NiO in

state-of-the-art cathodes. In the region of the current collector wet-seal, corrosion
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primarily takes place due to the establishment of various electrochemical couples: such

as fuel-air, oxidant-air and fuel-oxidant. In the active area of the current collector,

corrosion takes place due to the presence of a complex atmosphere, of gaseous species

and molten electrolyte salt. This corrosion is dependent on a large number of factors:

such as moisture and impurities content, temperature, and the gas atmosphere above

the melt.

The earliest electrochemical corrosion experiments, on metals in molten

carbonate, appeared in the literature during the 1960’s and 1970’s 5-7 . Interest in the

electrochemical corrosion behaviour of stainless steels in molten carbonate grew when

the first MCFC stacks were operated in the early 1980’s 8, 9. This was mainly because

stainless steels and various nickel alloys had become the principal structural materials

of the MCFC. Some of the research on molten carbonate melts have shown that nickel-

based high-temperature alloys have sufficient corrosion resistance 10, 11 yet, due to their

high cost, cannot be a realistic commercial alternative. In order to develop iron-based

alloys with sufficient corrosion resistance for use as bipolar plates or current collectors

in the MCFC, it is important to study the corrosion mechanism of iron and its alloys.

The corrosion of type 310 and 316 stainless steels occurs much more rapidly in

anode than in cathode environments 12-14 , although Hsu et al. reported that both iron and

chromium corroded more rapidly in cathode environments 15-17 . A number of

researchers 8, 18-21  pointed out that the accelerating corrosion reagent is molecular water,

dissolved in the molten media. Vossen et al. reported that some commercial steels,

such as SS 310, SS 316 and Kanthal A1, corrode in molten carbonate in anode

environments 10, 11, 22, 23. He determined the corrosion rate by applying a constant

potential on the metals, and showed that this value for stainless steels was unacceptably

high. Nishina et al. studied corrosion rates by means of electrochemical impedance

spectroscopy (EIS) and steady-state polarisation techniques. The lower frequency limit,

used in the EIS experiments at open circuit potentials, was too high, so that it was not

possible to achieve the polarisation resistance 24. Spiegel et al. recently reported a study

of corrosion of iron-based alloys and high-alloyed steels in Li2CO3-K2CO3 eutectic

mixture 25. They concluded that the corrosive species in carbonate melts are peroxide or

superoxide ions, formed by the dissolution of oxygen from the gas phase. In addition,

they said that the chromium content of the materials should not be higher than 12-15

wt%, in order to avoid high metal losses due to K2CrO4 formation.
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Most of the studies mentioned above were based on non-electrochemical

techniques, and there are relatively limited reports in the literature on electrochemical

measurements of corrosion rates of possible MCFC bipolar plate and current collector

materials. There are especially limited reports about the comparison of corrosion in

anode and cathode environments. The different electrochemical methods used in

studying the corrosion sometimes give confusing results. This is not surprising, since

the system is quite complicated. To improve cell hardware corrosion resistance, a good

understanding of the corrosion mechanisms of different metals in molten carbonate is

needed, along with relaying testing methods.

There are very few reports about the corrosion behaviour in molten carbonates of

ferritic steels that contain aluminium. Matsuyama et al. 26 reported that the corrosion

behaviour of Fe-based 20 wt% Cr alloys, in pure CO2 or in an air plus CO2 gas

environment, at 650°C, was improved by the addition of 5 wt% of Al to the steel. This

was explained by the formation of thin LiAlO2 layer on the surface. Sannikov et al. 27

studied the impedance of an aluminium electrode, in molten carbonate melt and

cathode gas environment, at a temperature range of 500°C to 600°C. They concluded

that the impedance of aluminium is determined by the oxide film. XRD showed that β-

LiAlO2 and possibly α-LiAlO2 were formed on the surface. Frangini et al. 28, 29

illustrated the TGA and polarisation results obtained in evaluating hot corrosion

resistance of Fe aluminium alloys in Li/K carbonate melts under both oxidising and

reducing gas conditions. They pointed out that iron aluminium alloys with about 25

wt% Al possess long term corrosion resistance to carbonate melt especially in the

oxidising environment. Vossen et al. 22, 23 reported the corrosion behaviour of ferritic

steels Thermax 4762 and Kanthal A1 containing aluminium. The materials were

investigated in MCFC anode environment. Thermax 4762 and Kanthal A1 were

considered to have the best corrosion resistance. Swarr 30 reported the characterisation

of aluminium coatings on SS310, SS316 and INCO 825 separators in molten salts in

the O2 - CO2 gas environment. It had been shown that protection was provided by the

ability of the β-(Fe,Ni)Al phase formation that convert to LiAlO2 during exposure to

carbonate.

The corrosion of the current collectors is one of the life limiting factors in the

MCFC. On the other side, the resistivity of the protective oxide films formed on these
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materials should not be too large. The ohmic losses in the contact between the electrode

and the current collector will not only depend on the current collector material, but will

also be influenced by the electrode material and operating conditions.

One large problem in the MCFC is the dissolution of the state-of-the-art NiO

cathode in the melt. LiCoO2  has been proposed as an alternative material with lower

solubility in the melt. It is known that the LiCoO2 cathode can be made to have similar

electrochemical performance as the state-of-the-art NiO cathode 31-36 . However, when

comparing the overall cathode performance, the NiO shows a better performance. This

is probably due to a larger contact resistance between the LiCoO2 cathode and the

current collector than between the NiO cathode and the current collector. Furthermore,

most of the above mentioned corrosion studies based on electrochemical techniques

were made in so-called pot-cells, without taking into account the impact of the

electrode. Yuh 37 reported ohmic losses due to electrolyte loss from the tape matrix and

formation of poorly conducting oxide scales, However, the experiments were not made

in an operating fuel cell. In order to obtained the whole picture of current collector

corrosion, it is important to study the contact resistance and its influence to the total cell

polarisation.

1.4. Aim of the thesis

During the development of the molten carbonate fuel cell, it has been recognised

that for successful market-entry and competitiveness, reduction of the costs and

improvement of reliability and endurance are required. For this purpose, EU funded

two projects between 1994 and 1998. The projects focussed on the selection and

development of materials for high-endurance MCFC bipolar plates. As one of the

partner in the projects, Applied Electrochemistry at KTH, contributed to the basic

electrochemical investigation on corrosion of a series of selected materials. Pure iron,

iron-chromium binary alloys and several commercial alloys were all investigated in

molten carbonate melts under both cathode and anode gas conditions. Post-tests were

also done to study the corrosion products formed on surface.

In addition to the EU project, a Swedish ELFORSK program was stared in

1998. This program focused on the performance and life of the molten carbonate fuel
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cell. Once again, Applied Electrochemistry investigated current collector plate

corrosion, in a laboratory fuel cell. The contact corrosion resistance between the current

collector and cathode was particularly studied.

The purpose of this thesis is therefore to help improve the life of the MCFC by

understanding the corrosion mechanism on different materials and in different gas

conditions. The corrosion rates have been determined mainly by using different

electrochemical techniques, and the corrosion products have been analysed. By

decreasing the contribution from contact corrosion resistance to the total polarisation,

the performance of the fuel cell can be improved.
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2 . Experimental

2.1. Pot-cell set-up

The experimental set-up, used in the electrochemical experiments, included a pot-

cell in which an alumina crucible containing the carbonate melt (120 g) was placed. A

ring gold counter electrode was placed near the inner wall of the cell, and the working

and reference electrodes were placed near the centre (Fig.2). The reference electrode

consisted of an alumina tube with a small hole in the bottom (about 0.1 mm diameter);

the tube was partially filled with carbonate in which a gold wire was inserted. The

reference gas mixture contained 33.3% CO2 and 66.7% O2.

The corrosion tests were performed in (Li0.62/K0.38)2CO3 or (Li0.60/Na0.40)CO3

melts in three different cathode gas conditions. Firstly, the standard cathode gas (15%

O2, 30% CO2, 55% N2, humidified at 35°C) that, after humidification, had a

composition of approximately 14.1% O2, 28.2% CO2, 51.7% N2 and 5.9% H2O, was

run at 650°C. The so-called inlet cathode gas (13.6% O2, 25% CO2, 61.4% N2,

humidified at 49°C) that, after humidification, had a composition of 12.0% O2, 22.0%

CO2, 54.0% N2 and 12.0% H2O, was run at 600°C. The so-called outlet cathode (9.7%

O2, 5.7% CO2, 84.6% N2, humidified at 49°C) that, after humidification, had a

composition of 8.5% O2, 5.0% CO2, 74.5% N2 and 12.0% H2O, was run at 700°C.

The standard anode gas condition is a 20% CO2 and 80% H2 gas mixture,

humidified at 60°C that, after the shift equilibrium, has a composition of approximately

56% H2, 8% CO2, 8% CO and 28% H2O. The temperature in the melt was 650°C. The

so-called inlet anode gas composition was 15.8% H2, 48.5% CO2, 13.4% CO and

22.4% H2O, run at 600°C. The so-called outlet anode gas composition was 5.9% H2,

64.7% CO2, 6.7% CO and 22.7% H2O, run at 700°C.

The so-called inlet and outlet gas compositions were used in order to resemble the

actual inlet and outlet gases on the both sides of an MCFC stack, fuelled by natural gas.

In the experiments investigating corrosion in a cathode environment, the cathode

gas was connected to the cell and, when the oxygen reaction equilibrium potential on

the gold electrode stabilised, the sample was immersed into the melt. Each sample was
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run using a single electrochemical technique under exposure. For the anode

environment experiments, a nickel net with a large surface was inserted into the cell

compartment, lining the outside wall of the crucible. The reason of this is to facilitate

the reduction of oxygen traces in the gas. At the start of each experiment, the sample

was placed on top of the cell, above the melt, and N2 gas was purged through the cell

for the removal of oxygen. After approximately 2 hours, all the oxygen had been

removed, which was noticeable by the equilibrium potential of the gold sample. The

anode gas was then connected to the cell. When the equilibrium potential of the

hydrogen reaction on gold stabilised, the sample was immersed into the melt for

electrochemical tests.
Ref. electrode

Counter electrode

Working electrode

Gas inlet

Gas outlet

Alumina
crucible

Carbonate
 melt

Oven

Alumina
container

Oven

Cooling

Glass cover

Fig. 2. The pot-cell set-up

2.2. Laboratory fuel cell

The laboratory MCFC cell unit, with an electrode area of 3 cm2, is shown in Fig.

3. A porous nickel anode was placed onto the perforated Ni current collector plate. On

top of the anode, two electrolyte matrices of LiAlO2 and a carbonate pellet (62/38

Li2/K2CO3) were placed. A porous Ni cathode, for in-situ oxidation and lithiation, or a

porous LiCoO2 cathode were positioned onto the carbonate pellet. A special cathode

current collector made by AISI 310 was then placed outside the cathode to complete the

cell package.
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Small gas orifices were distributed throughout the current collectors to provide

gas flow channels on both the anode and cathode sides. A bigger hole, 2.5 mm in

diameter, was made in the middle of the current collector on cathode side. Two

stainless steel wires, one in contact with the current collector plate (probe 1) and one in

contact with the cathode (probe 2), made it possible to directly measure the contact

resistance. Probe 2 was insulated from the main current collector by means of an

alumina tube. The reference electrodes (RE) consisted of gold threads immersed in the

carbonate melt, and surrounded by a 33.3% O2 and 66.7% CO2 gas atmosphere. They

were connected to the cell by small capillaries in the cell house. The cathode gas (15%

O2, 30% CO2, 55% N2) was humidified at room temperature and anode gas (20% CO2,

80% H2) at 60°C. Both gas mixtures were fed perpendicular to the electrodes. The

operating temperature was 650°C.

Fig. 3. Crosscut of the laboratory fuel cell unit.

The polarisation measurements were performed using a Solartron 1287

Electrochemical Interface. In order to separate the different contributions to the total

overvoltage polarisation curves three different combinations of measure probes were

recorded.

Probe 2 Probe 1

CE

WE

Cathode

Anode

RERE

Electrolyte matrix

Current collector

Current collector Current collector
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2.3. Samples and sample preparations

All the samples for the pot-cell tests were cut to 5 mm × 6 mm × 1 mm or 7 mm

× 7 mm × 1 mm pieces. These were polished with #600 to #1200 SiC abrasive papers,

washed with distilled water and ethanol, and then dried before the experiments were

run. The iron samples were welded with a 97% pure iron welding wire containing 0.1%

C, 0.85% Si, and 1.5% Mn. The iron-chromium binary alloy, stainless steels and high-

chromium ferrite steel samples were welded with an iron-based stainless steel wire

containing 17% Cr, 11% Ni, and 2.2% Mo. The ferrite steels, with high aluminium

content, were welded to a 0.8 mm diameter Kanthal A1 wire.

The materials investigated under cathode conditions were:

Fe, Fe-18Cr, Fe-25Cr, SS 316

Thermax 4762 (Fe-23Cr-1.5Al)

AL 29-4-2 (Fe-29Cr-2.3Ni-4Mo)

AISI 310 (Fe-25Cr-20Ni)

7Mo+N (Fe-26Cr-4.8Ni-1.4Mo)

Thermax 4742 (Fe-18Cr-1Al)

The investigated materials under anode conditions were:

Fe, Fe-18Cr, Fe-25Cr

AISI 310 (Fe-25Cr-20Ni)

Kanthal A1 (Fe-22Cr-5.8Al)

Kanthal AF (Fe-22Cr-5.3Al)

Kanthal D (Fe-22Cr-4.8Al)

PM2000 (Fe-20Cr-5.5Al-0.5Y2O3-0.5Ti)

Incoloy MA 956 (Fe-20Cr-4.5Al-0.5Y2O3-0.5Ti)

2.4. Electrochemical experiments

The main electrochemical experiments made in the pot-cell included the analyses:

anodic polarisation, chronoamperometry, Tafel extrapolation, linear polarisation

resistance and Electrochemical Impedance Spectroscopy (EIS). The open circuit
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potential, as a function of time were also recorded for each of the experiments. Most of

the measurements were performed with a Model 273 EG&G Princeton Applied

Research Potentiostat/Galvanostat. The EIS set-up consisted of a Solartron 1286

Electrochemical Interface and a Solartron 1255 Frequency Response Analyser, using

the CorrWare and ZPlot-ZView software packages. Brief descriptions about the

electrochemical experiments are given below. All of the electrode potentials were

recorded and given vs. a gold reference electrode.

2.4.1. Anodic polarisation curves

The anodic polarisation curves were used to study the passivation behaviour of

different materials in molten carbonate melt under different gas conditions. The anodic

polarisation measurements were performed at a sweep rate of 1 mV/s. The sample was

immersed into the melt, and a relatively stable open circuit potential was obtained after

half an hour of exposure. The anodic polarisation was then performed, where the initial

potential was the open circuit potential, and the final potential was -50 mV.

2.4.2. Chronoamperometry

By chronoamperometry, the potential of the sample has been fixed at the

equilibrium potential of the cathodic reaction, which was simultaneously measured at

an inert gold-flag electrode. An equilibrium potential between -50 and -100 mV was

determined for the immersed gold electrode in the cathode gas experiments. The

measured current is without the contribution of the cathodic reaction, therefore the

electrochemical corrosion current density is read out directly from the current density

which in this case only should be due to the anodic oxidation of the sample. The current

densities were recorded as functions of time.

The test procedure corresponds to the condition of a current collector in a fuel cell

in contact with the porous electrode. The corrosion potential will then not be the open

circuit potential, but rather the working potential at the back side the porous electrode,

which is very close to the equilibrium potential of the gas mixture.
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This method was also applied to the experiments under anode gas conditions, but

reproducible results were difficult to obtain. Some instability was also observed on the

cathode side, but to a much smaller extent. One reason for these difficulties, during the

experiments under anode gas conditions, was that the hydrogen reaction equilibrium

potential at -1.1 V is very close to the corrosion potential of metals in the anode

environment. Furthermore, the exchange current density, for the hydrogen reaction on

the anode side, was much higher than for the oxygen reaction on the cathode side,

making measurements much more susceptible to small variations in the reference

electrode potential.

2.4.3. Tafel extrapolation

The corrosion current densities at the open circuit potential are determined by the

Tafel extrapolation method. This corresponds to the condition of a current collector or

separate plate exposed to electrolyte, but without electrolyte connection to the porous

electrode in a fuel cell. For a corroding metal, the partial anodic and cathodic current

densities cannot be determined directly by means of an ampermeter unless the cathodic

and anodic areas can be seperated physically, e.g. as in a bimetallic couple. If the metal

is polarised a net current ic for cathodic polarisation, and ia for anodic polarisation, will

be obtained and can be measured by means of an ampermeter. The complete Tafel

equation for the anodic and cathodic reactions is:

i i
F

RT
E E

F

RT
E Ecorr

a
corr

c
corr= −





− − −













exp ( ) exp ( )
α α

(4)

where αa and αc is the anodic and cathodic transfer coefficient respectively, icorr  is the

corrosion current density and Ecorr  is the corrosion potential. Equation (4) can therefore

be used to calculate corrosion rates, expressed as current densities, when there is no

concentration polarisation and the corrosion potential does not lie close to the reversible

potentials of either of the two anodic and cathodic reactions. In papers 1, 2 and 4, the

evaluation of corrosion rates from the experimentally recorded electrochemical data was

made by using equation (4).
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When studying the corrosion behaviour of high aluminium steels in carbonate

melt under anode environments, the measured corrosion potential was very close to the

equilibrium potential of the hydrogen electrode reaction. The evaluation of corrosion

rates from the experimentally recorded electrochemical data, either by Tafel

extrapolation or by the linear polarisation method, generally assume that the corrosion

process proceed at a potential far from the equilibrium potential of both reactions.

Therefore, equation (4) was no longer valid to evaluate corrosion current density from

the experimental data, so that a modified theoretical model was used to evaluate

corrosion resistance and rates, as discussed in a later section and paper 3.

2.4.4. Linear polarisation resistance

Linear polarisation resistance method (PR) is an alternative to determining the

corrosion rate at open circuit potential. The relationship between ∆E/∆I at the corrosion

potential and the corrosion rate is linearly if only slightly removed from the corrosion

potential. The perturbation potential in this study was ± 30 mV, which was much

smaller than that used in the Tafel extrapolation. Therefore the growth of the corrosion

layer was disturbed to a lesser extent. The Stern-Geary equation can be written in the

form:

i
b b

b b Rcorr
a c

a c p

=
+2 3

1
. ( )

(5)

where ba and bc are the Tafel slopes, Rp is the polarisation resistance at the corrosion

potential, R
E

Ip Ecorr
= ( )

∆
∆

. The Tafel slopes used in equation (5) were determined for

each sample from the Tafel extrapolation curves.

2.4.5. EIS

The electrochemical impedance spectroscopy (EIS) is well established as a

powerful technique for investigating corrosion system. In the molten carbonate melt,

electric equivalents were mostly used to simulate the impedance spectra and analyse the

corrosion behaviour of the materials. The initial application of the impedance technique

in this study was to determine the corrosion rate at open circuit potential by measuring
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corrosion polarisation resistance, Rp (Paper 1). EIS experiments were run in the

frequency range of 10 kHz to 10 mHz for determination of Rp. A 10 mV r.m.s.

superimposed potential was used for perturbation. An EIS experiment from 10 kHz to

10 mHz takes about 20 minutes, but this still does not give a direct determination of the

polarisation resistance. The software Zview was therefore used to simulate the

polarisation resistance from the experimental data.

Impedance spectroscopy was extensively applied to an analysis of the mechanism

of iron corrosion in a molten carbonate melt under different cathode gas environments

(Paper 5). A mechanism model was developed to fit the experimental data obtained on

iron samples.

2.5. TGA experiments

Thermogravimetric analyses (TGA) tests were carried out in a Chan 2000

microbalance. Fe and Fe-Cr specimens (5mm×8mm×1mm, 4mm×5mm×1mm) were

cut from a sheet of pure iron and Fe-18%Cr, polished using #600 to #1200 SiC

abrasive papers, washed with distilled water and then ethanol before being dried and

then weighed before testing. The samples were coated with a (Li0.62/K0.38)2CO3 solution.

They were then dried at 80oC, and the amount of carbonate coating was determined

through the difference in weight. The cathode gas mixture used in the TGA experiment

was 15% O2, 30% CO2 and 55% N2. This cathode gas mixture was humidified at room

temperature.

2.6. Post tests

The samples, after running of the electrochemical experiments, were placed in a

mixture of Epofix Resin and Epofix Hardener (water free), dried in vacuum condition

at 40 0C for an hour, and then dried at this same temperature in a furnace for an hour.

The cross sections of samples were polished to a mirror fine state using ethanol (the

whole process is water free), before the SEM experiment, by a JEOL JSM-840

equipped with an energy dispersive spectrometer (EDS). The X-ray Diffraction was
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also used to analyse what was formed on the surface. The SEM and XRD experiments

were carried out in the Department of Materials Science and Engineering, KTH.

The GDOES (glow discharge optical emission spectroscopy) was performed by

cathodic sputtering of the sample surface in a Grimm-type glow discharge lamp. The

sputtering process produced a crater with an almost flat bottom on the sample. The rate

of sputtering depends on the voltage, current, pressure, plasma gas and sample

composition. The sputtered material is atomised in a plasma, and the characteristic

emission lines are monitored with an optical spectrometer as a function of burning

time, yielding an in-depth profile of sample composition. The GDOES experiments

were carried out in the Swedish Institute for Metals Research.
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3 . Corrosion in the cathode gas environments

Corrosion behaviour of iron and iron-based steels in MCFC cathode

environments, investigated in pot-cell trials, is presented and discussed here. Corrosion

in such a deep molten carbonate melt environment does not directly correlate to

corrosion in a fuel cell stack, because salt coverage is much lower. Therefore, some

TGA experiments were performed on iron and iron-18% chromium binary steels.

Corrosion layers formed on the samples were investigated by means of the XRD,

SEM and GDOES analysis methods. In addition, ohmic losses caused by the

corrosion layers were studied in a laboratory fuel cell, and the composition of the

corrosion layers formed on the cathode current collector were analysed.

3.1. Passivation

The anodic polarisation curves of different samples in different cathode

conditions were measured after 0.5 h exposure at open circuit potential. This gives an

overview of passivation behaviour of theses materials in molten carbonate melt.

Fig. 3-1 shows the anodic polarisation curves of samples in the standard cathode

environments. All the anodic polarisation curves show a region in which the corrosion

currents fall with increasing potential. In this passive region, the corrosion current

density of iron is about 200 A m-2, which implies a high corrosion rate. For Fe-18Cr,

the current density falls to 25 A m-2, when potential increases to -400 mV, but increases

then to 50 A m-2 when potential increases to -200 mV. For Fe-25Cr, the corrosion

current density falls to 15 A m-2 in the potential region between -350 mV and -100 mV.

While for the 310 and 316 stainless steels, a current density between 4 to 10 A m-2 was

found in the anodic potential region, with a lower current density for AISI 310

compared to SS 316. The results indicate that some kind of passivation has occurred.

The normal operating potential of the cathode, in the fuel cell, is about -50 to 100 mV,

which falls in the potential region where passivation seems to occur.

The investigation on high chromium containing steels under cathode conditions

(Paper 4) show that the temperature affects the passivation behaviour. Fig. 3-2 shows

the anodic polarisation curves obtained on Thermax 4762 samples in three different
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cathode gas environments. In the same potential region, a higher passive current density

was found in the so-called outlet condition at 700°C.

Fig. 3-1. The anodic polarisation curves in lithium-potassium carbonate melt, in the

standard cathode environment, after 0.5 h exposure at open circuit potential. The sweep

rate is 1 mV/s. (a) iron, (b) Fe-18Cr, (c) Fe-25Cr, (d) SS 316 and (e) AISI 310.

Fig. 3-2. The anodic polarisation curves of Thermax 4762 samples in lithium-sodium

carbonate melt in three different cathode gas conditions exposed for half an hour at

open circuit potential. The sweep rate is 1 mV/s.
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3.2. Corrosion rates

The corrosion rates of iron and iron-based alloys, were determined by

electrochemical means for two different conditions. In the first case, the sample

potential was fixed at the MCFC cathode operating potential while the electrochemical

corrosion current density was directly recorded. In the second case, the corrosion rates,

in a molten carbonate melt at open circuit potential, were estimated by the Tafel

extrapolation, linear polarisation resistance and electrochemical impedance spectroscopy

(EIS) methods.

3.2.1. Corrosion current at the operating condition of the cathode

Since the working potential of the cathode in an MCFC is about -50 to -100 mV

vs. gold reference electrode, it is interesting and of practical importance to determine

the corrosion current at this potential. At the equilibrium potential of the cathode, we

can achieve the corrosion current density by applying this potential to the immersed

samples. Fig. 3-3 shows the current densities of immersed samples as functions of

time, at a potential range between -70 mV and -80 mV, which were the measured

equilibrium potentials on a gold electrode prior to each experiment. In this potential

range, corrosion currents of iron and its alloys fell into a relative low current region.

A decrease in current over time can be observed for all the metals in Fig. 3-3. The

corrosion current after 24 hours is about 10 A m-2 for iron; for Fe-18Cr and for SS 316

it is about 3 A m-2; and for Fe-25Cr and AISI 310 it is about 0.5 A m-2. This indicates

that a higher Cr content is beneficial for good corrosion resistance at the cathode

working conditions. The decrease of the corrosion current during the exposure indicates

that corrosion layers are formed that hinder this rapid corrosion reaction. Therefore, the

corrosion current at a typical operating potential should be related to the properties of

the corrosion layer at this potential. The difference between corrosion currents in a

lithium-potassium and lithium-sodium melt, at the working potential, is very small.
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Fig. 3-3. Current densities as a function of time at constant potential (-70 mV to -80

mV vs. gold ref. electrode) in lithium-potassium and lithium-sodium carbonate melts,

in the standard cathode environment.

3.2.2. Corrosion current at the open circuit potential

In order to estimate the corrosion current at the open circuit (corrosion) potential,

through any of the Tafel extrapolation, linear polarisation or EIS analysis methods, the

electrode potential must be perturbed accordingly. Results from these three methods are

compared below.

Linear polarisation resistance and EIS

The linear polarisation resistance method is an alternative to determining

corrosion current density at open circuit potential. The perturbation potential was ± 30

mV. The Stern-Geary equation was used to determine corrosion current density. The

Tafel slopes used in the equation were determined by the average values of each sample

obtained from the Tafel extrapolation curves.
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The linear polarisation resistance was measured after different time during the

exposure. The polarisation resistance was low at the beginning, and became more

difficult to measure during the fast increase of potential. When reaching the final

potential, the polarisation resistance is about ten times higher than at the beginning and

possible to measure again. The polarisation resistance of iron, binary iron-chromium

alloys, AISI 310 and four ferritic steels were measured, Tables 3-1 and 3-2.

Fig. 3-4. A comparison of EIS curves between different metals in lithium-potassium

carbonate melts in the standard cathode environment. The frequency is from 10 kHz to

10 mHz.

EIS experiments were run to determine the polarisation resistance of iron and

some iron-based alloys. A comparison of polarisation resistance (Rp), for different

metals, can be seen in Fig. 3-4 and Table 3-1. Here we can see that the AISI 310 has

the highest polarisation resistance, followed by the Fe-25Cr alloy. Both are higher than

those for Fe-18Cr alloy and SS 316, which is in turn higher than pure iron. It seems

that the higher chromium content is needed for a good corrosion resistance, also at open

circuit potential, in a cathode environment.
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Table 3-1. A comparison of corrosion rates and polarisation resistances, obtained by

Tafel extrapolation, linear polarisation resistance and EIS methods, in the lithium-

potassium carbonate melt, under the standard cathode environment. Rp and icorr  are the

average values after 24 hours of exposure.

Tafel EIS PR

Fe

icorr  = 2.2 A m-2 icorr  = 2.6 A m-2

Rp= 0.0180 Ω m2

icorr  = 5.8 A m-2

Rp= 0.0051 Ω m2

Fe-18%Cr

icorr  = 5.6 A m-2 icorr  = 3.2 A m-2

Rp= 0.0145 Ω m2

icorr  = 4.7 A m-2

Rp= 0.0098 Ω m2

Fe-25%Cr

icorr  = 2.2 A m-2 icorr  = 3.0 A m-2

Rp= 0.0152 Ω m2

icorr  = 5.0 A m-2

Rp= 0.0091 Ω m2

AISI 310

icorr  = 5.2 A m-2 icorr  = 1.6 A m-2

Rp= 0.0374 Ω m2

SS 316

icorr  = 0.3 A m-2 icorr  = 2.0 A m-2

Rp= 0.0154 Ω m2

Fig. 3-5. The linear polarisation resistance and the thickness of corrosion layer formed

on the Thermax 4762, in the standard cathode environment, as function of time.
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Table 3-2. The corrosion current densities, icorr , polarisation resistances, Rp at the end of
the exposure and the time of exposure needed for the corrosion potential to reach the
final constant value.

standard cathode
gas

650°C

inlet cathode gas
600°C

outlet cathode
gas

700°C
Thermax 4762
Tafel method (icorr)
Linear polarisation resistance
(Rp, icorr )

Time needed for potential to
reach constant value

0.06 A m-2

0.28 Ω m2

0.05 A m-2

120 hours

0.03 A m-2

0.41 Ω m2

0.04 A m-2

250 hours

0.37 A m-2

0.10 Ω m2

0.15 A m-2

45 hours
AL 29-4-2
Tafel method (icorr)
Linear polarisation resistance
(Rp, icorr )

Time needed for potential to
reach constant value

0.05 A m-2

0.19 Ω m2

0.07 A m-2

70 hours

0.04 A m-2

0.33 Ω m2

0.04 A m-2

50 hours

0.47 A m-2

0.13 Ω m2

0.11 A m-2

50 hours
AISI 310
Tafel method (icorr)
Linear polarisation resistance
(Rp, icorr )

Time needed for potential to
reach constant value

0.04 A m-2

0.18 Ω m2

0.08 A m-2

120 hours

0.03 A m-2

0.22 Ω m2

0.06 A m-2

460 hours

0.05 A m-2

0.10 Ω m2

0.15 A m-2

90 hours
Thermax 4742
Tafel method (icorr)
Linear polarisation resistance
(Rp, icorr )

Time needed for potential to
reach constant value

0.14 A m-2

0.17 Ω m2

0.08 A m-2

235 hours
7Mo+N
Tafel method (icorr)
Linear polarisation resistance
(Rp, icorr )

Time needed for potential to
reach constant value

0.05 A m-2

0.26 Ω m2

0.05 A m-2

180 hours

In addition, the AISI 310 and four high chromium containing ferritic steels were

investigated in three different cathode gas environments. The polarisation resistance of

these materials measured in the end of the exposure tests are summarised in Table 3-2.

From the results obtained on Thermax 4762, AISI 310 and AL 29-4-2, lower

polarisation resistance and higher corrosion current densities were obtained in the outlet

condition. The linear polarisation resistance as function of time was measured for
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Thermax 4762, Fig. 3-5. In the first 48 hours, the polarisation resistance was almost

constant or slowly decreasing. It then became ten times higher during the following 100

hours. This will be discussed later in connection with the analysis of the corrosion

layer.

Tafel extrapolation curves

Fig. 3-6 shows the Tafel extrapolation curves and fittings by equation (4) of iron

and it’s alloys, exposed for one hour, in lithium-potassium carbonate melt in the

cathode environment. The average corrosion current density during the first 24 hours,

obtained by fitting experimental results to the Tafel equation in the cathode

environment are summarised in Table 3-1. A high corrosion current density was found

for AISI 310, and a higher chromium content did not contribute to a better corrosion

resistance. This may be explained by the experimental technique, where the large range

in the sweep potential could affect the determination of corrosion current density.

Fig. 3-6. Tafel extrapolation curves of different metals exposed in the standard cathode

environment in a lithium-potassium carbonate melt for 1 hour. The sweep rate is 1

mV/s.
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environments, obtained by fitting experimental data to the Tafel equation are listed in

Table 3-2. Fig. 3-7 shows one example of the experimental and fitting curves for

Thermax 4762 sample. The icorr  value obtained here in the outlet cathode condition is

ten times higher than in the standard and inlet cathode conditions. Similar results were

obtained on AL 29-4-2, Table 3-2. For AISI 310, the corrosion current density in outlet

condition is only slightly higher than in the standard and inlet conditions. Two more

materials, Thermax 4742 and 7Mo+N, were investigated by using the same method in

the standard cathode condition. The corrosion current densities are listed in Table 3-2.

The icorr  value for Thermax 4742 is 0.14 A m-2, which is higher than for the other four

materials. This is probably due to a lower content of chromium and aluminium in the

material.

Fig. 3-7. The Tafel extrapolation curves obtained on Thermax 4762 samples exposed in

lithium-sodium carbonate melt under three different cathode gas conditions when the

open circuit potentials had reached the final constant value. The sweep rate is 1 mV/s.

Fig. 3-8 shows the Tafel extrapolation curves for three AISI 310 samples after

three different exposure times. The corrosion rate in the first 24 hours was more than

ten times higher than that after 120 hours. From the anodic polarisation curves we

know that the initial potential is in the active region, while the end potential of the alloy

is in the passive region. This is in line with the higher corrosion rate observed in the

initial stage, when the water reduction is the main cathodic reaction in the corrosion
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end of the exposure, are much lower than the passive current densities. This is probably

because that the anodic polarisation curves were recorded after a very short exposure

time and therefore only a thin protective layer was formed on the surface.

Fig. 3-8. The Tafel polarisation curves obtained on AISI 310 samples after different

exposure times. The sweep rate is 1 mV/s.

The different methods used for estimating the corrosion current density agree

fairly well with each other, when investigating samples in standard and inlet conditions.

This is the case for all samples except Thermax 4742 sample. The methods differ in the

investigations of samples in the outlet conditions, although this difference is

emphasized by the fact that corrosion current densities in these conditions are much

greater. Corrosion in molten salts can be characterised by two steps. The first is the

oxidation of metal and the second is the dissolution of the oxide scales. The reacting

species, oxygen or water, has to diffuse through the melt to the metal surface.

Therefore, the permeability of the oxygen/water in the melt is an important factor for

the oxidation rate. The higher the temperature in the melt, the more oxygen or water that

can be transported through the melt. Therefore, a higher corrosion rate could be

expected in the outlet condition where temperature is higher.
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environment and material, the corrosion current densities in the outlet condition were

determined after a shorter time of exposure than in the standard and inlet conditions.

The polarisation resistance of Thermax 4762 in the outlet condition after 45 hours

exposure, Table 3-2, was higher than that in the standard condition after 48 hours

exposure, Fig. 3-5. This means that after approximately the same time of exposure (but

different corrosion potentials), a lower corrosion rate was obtained in the outlet

condition. However, the corrosion potential of the sample at the outlet condition has

already reached a stable value.

3.2.3. Corrosion mechanism on iron

The corrosion mechanism of pure iron was investigated in molten carbonate melt

by use of electrochemical impedance spectroscopy (EIS). The EIS experiments were

carried out in lithium-sodium carbonate melt under three different cathode gas

conditions. A theoretical model was developed to fit the experimental data.

The impedance model

Fig. 3-9. Schematic model of the corrosion layer-electrolyte interface at the iron surface.

A postulated model for the interface structure of an iron corrosion layer and the

electrolyte is given in Fig. 3-9. A layer consisting of FeO and LiFeO2 covered the

surface. It was assumed that the anodic reaction took place at the metal/film interface,

producing Fe2+ ions, which in turn diffused through the layer to the film/electrolyte

interface with a diffusion coefficient Da. The oxidising agent (dissolved peroxide,

superoxide ions or water) diffused with a diffusion coefficient, Dc, through the

electrolyte to the film/electrolyte interface, where the cathodic reaction took place.
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Eventually, the iron and oxide ions reacted at the film/electrolyte interface to give the

resulting oxide. It is reasonable to assume that the diffusion of iron ions through the

corrosion layer was very fast, as the corrosion layer was very porous and thin. The

mass transfer model that will be considered here, for the diffusion of peroxide in the

electrolyte (it can also be superoxide or water), is a planar diffusion layer, with a finite

thickness, δ. This means that the following mechanism was taken into consideration:

Anodic reaction Fe Fe 2em/f
2

m/f→ ++ − (3-1)

Cathodic reaction O O2
2

bulk
D

2
2

f/s
c− − → (3-2)

O 2e 2O2
2 2− − −+ →f s f s/ / (3-3)

The steady-state faradaic current was related to the cathodic and anodic rates by the

following equation:

i i if a c= − (3-4)

with the anodic rate of:

i i
a F

RT
E Ea a

a
a= 



0 0

2
, ,( -exp ) (3-5)

and cathodic rate of:

i i O t
a F

RT
E Ec c

c
c= −



0 2

2
00

2
, ,exp )[ ]( , ) ( -- (3-6)

where i0,a  and i0,c  are the exchange current densities and αa and αc are the transfer

coefficents of the anodic and cathodic reactions respectively, and [O2
2-](0,t) is the

peroxide concentration at the film-electrolyte interface at a time t.

The Faradaic impedance was given as:

Z R Zf t o= + (3-7)
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where, Rt is a resistance characteristic of the two charge-transfer steps, which will be

called the transfer resistance, and ZO is an impedance characteristic of the peroxide ion

diffusion through the melt, called the diffusion impedance.

The transfer resistance was given by (Paper-5):

1 2 2
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(3-8)

It was assumed that the diffusion of the peroxide species occured through a planar

diffusion layer with a finite thickness of δ. The peroxide concentration follows Fick’s

second law:

∂
∂

∂
∂

[ ]( , ) [ ]( , )O x t

t
D

O x t

xc
2
2 2

2
2

2

− −

= (3-9)

where x is the distance from the interface. The following boundary conditions were

therefore taken:

- The flux of peroxide at the corrosion layer/Nernst layer interface is equal to the

cathodic rate of reaction:

J t
i t

F
D

O t

x
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- At a sufficient distance from the interface, the peroxide concentration [O2
2-](δ,t) is

constant and equals to its concentration in the bulk:

[ ]( , ) [ ]O t O2
2

2
2− − ∗=δ (3-11)

The diffusion impedance was written as:
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Z
R T

kTo
d=

+1
(3-12)

where Rd , called diffusion resistance, could be described by the following expression

(Paper-5):

R R i
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and k, called the kinetic coefficient, could be described by (Paper-5):
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Fig. 3-10. The equivalent circuit model of the corrosion process impedance of pure iron

in molten carbonate melts under cathode gas conditions. Re is the electrolyte resistance,

Cdl  the double layer capacitance, Rt the transfer resistance and ZO the peroxide diffusion

impedance.

The equivalent circuit model of the corrosion process is shown in Fig. 3-10. The

electrolyte resistance, Re, is in series with the double layer capacitance, Cdl , which is

itself in parallel with the faradaic impedance ( Z R Zf t o= + ). Fitting of the experimental

data by the corrosion model was achieved by using a simplex searching routing

procedure written in Matlab . The fitting procedure consisted of the determination of

the model parameters and minimisation of the deviation criterion between the

experimental and model-calculated data. The following criterion was used for the

minimisation procedure:

Re

Cdl

Rt ZO
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where, Zcalc and Zexp are the calculated and experimental impedances, Recalc and Reexp are

the real parts, and Imcalc and Imexp are the imaginary parts of the impedance,

respectively.

Results and discussion

The theoretical faradaic impedance is shown in Fig. 3-11, where the input

parameters are listed in Table 3-3. From this simulation, we get a charge transfer

resistance (Rt) of 7.98 Ω cm2 and a diffusion resistance of 79.5 Ω cm2. It is shown that

the faradaic impedance is a linear Warburg diffusion followed by a charge transfer

process. The charge transfer resistance was much lower than the diffusion resistance,

which means that this diffusion determines the corrosion rate. The kinetic coefficient (k)

and time constant (τ) were also calculated by the simulation (see Fig. 3-11).
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Table 3-3. The input parameters 38-41.

F 96458 As mol-1 K-1 αa = αc 0.5

R 8.314 J mol-1 K-1 δ 10-3 m

T 923 K Dc 10-8 m2 s-1

i0,a 10-10  A m-2 E-E0,a -0.1 V

i0,c 150 A m-2 E-E0,c -0.7 V

[O2-
2] 10-5 M

Fig. 3-12. Corrosion potentials of iron samples exposed in lithium-sodium carbonate

melt at different cathode gas and temperature conditions for 24 hours.

Fig. 3-12 shows the corrosion potentials of iron samples in different gas and

temperature conditions. The corrosion potentials increased strongly during the first few

hours of exposure, and then slowly for the rest of the experiments. The change in the

potential, before and after the impedance experiments, was only a few mV. Fig. 3-13(f)

shows the impedance curves obtained after 24 hours in different environments. It can

be seen that only temperature had an effect on the EIS curves, where higher

temperatures resulted in lower polarisation resistances. Figs. 3-13(a-e) show the

experimental and fitted curves in different cathode gas environments after 24 hours of

exposure. It can be seen that there existed a good agreement between the experimental

and fitted data (Fig. 3-11).
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Fig. 3-13. The experimental and fitted EIS curve of iron samples exposed in different

cathode environments for 24 hours, (a) standard gas at 600°C, (b) inlet gas at 650°C,

(c) standard gas at 650°C, (d) outlet gas at 650°C, (e) standard gas at 700°C, and (f) a

comparison of the different conditions.
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In order to get more qualitative information on the proposed model the obtained

parameters are compared with the literature data. The electrolyte resistance (Re) obtained

in our case was about 1 Ω cm2. This is in agreement with the results reported in a study

in Na2CO3-K2CO3 melt at 800°C 19, where a value of 2 Ω cm2 was determined. The

charge transfer resistance (Rt) in our investigation was in a range of 0.2-1.7 Ω cm2,

which is in agreement with the data reported by Nishina et al. in a study for oxygen

oxidation on gold electrode in (Li0.62K0.38)2CO3 melt at 650°C  (1 Ω cm2 ) 42. The double

layer capacitance (Cdl) is in a range of 459 to 1118 µF cm-2. Makkus et al. reported a

value of 219 µF cm-2 for oxygen reduction on gold electrode in (Li0.62K0.38)2CO3 melt at

650°C 43, 44. This is of the same order as ours results. The diffusion resistance (Rd) and

the associated kinetic parameter (k) are also very close to the literature 43, 44. The

diffusion coefficient for O2
2- species estimated 42, 43 is 10-5 cm2 s-1 and the Nernst layer

is 630 µm, this gives a value of 396 s for the time constant of the diffusion process. In

our case, the time constant τ  is in the range of 45 to 512 s. This agrees well with

literature data. In conclusion, since there is a good agreement between the theoretical

data calculated by the model and experimental data, the postulated mechanism model is

reasonable and can be used to describe the corrosion process of pure iron in molten

carbonate melt.

3.3. TGA investigations

Thermogravimetric analysis (TGA) was used to monitor the weight change of the

specimens as a function of time, thus giving a corrosion rate. Since the method can be

used with a limited amount of electrolyte on the sample, the flux of O2 and H2O in the

melt will be not the same as those for the electrochemical experiments of immersed

samples. Furthermore, the operating conditions of the current collectors or bipolar

plates in the MCFC are to some extent better resembled by the TGA experimental

conditions, giving complementary results to the electrochemical investigations.

According to the results from Kim et. al. 21, TGA curves follow a parabolic rate

law, the parabolic rate constant increases with increasing amounts of coating up to 23 ×

10-2 kg m
-2

 of (Li0.62/K0.38)2CO3 and then becomes constant. In our investigations the

coating amounts were therefore fixed at 30-33 × 10-2  kg m-2, which is well into the

constant region of the curves, so that we can probably neglect the effect of the coating

amounts on our results. When the cathode gas was dry, weight gain on the iron sample
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with 33.9 × 10-2 kg m-2 of carbonate coating was 11.4 % larger than that without melt

after 24 hours. Yet, when the gas was moist, the weight gain of the sample with

30.0×10-2 kg m-2 of carbonate coating was 29.2 % smaller than that without melt after

24 hours of moist gas flowing, Fig. 3-14. If the initial fast increase in weight was

disregarded, a parabolic profile was found for these samples. These parabolic corrosion

rates could be explained by Wagner’s theory, where the rate determining step was the

diffusion of oxide ions through the scale layers. The estimated corrosion rate, after one

year, became 2.7 to 3.7 mm, if it assumed that only Fe2O3 was formed in the oxide

layer. The weight increase of Fe-18Cr, coated with a thin carbonate film, became much

smaller compared with iron samples, which could be expected. Here, the weight gain

was again smaller with moist gas than with dry gas. For the blank experiments the

opposite result is obtained, as shown by curves (a) and (b) in Fig. 3-14. The role of the

water is different for these three conditions. For a sample immersed in carbonate melt,

the rate of O2 transport to the surface is much lower than that for a sample coated with a

thin film of molten carbonate. When water is present in the gas, water reduction will

instead be the dominating cathode reaction in the corrosion process.

Fig. 3-14. Weight changes in the cathode gas environment. (a) Uncoated iron sample in

dry gas. (b) Uncoated iron sample in humidified gas. (c) Iron sample coated with

carbonate film in dry gas. (d) Iron sample coated with carbonate film in humidified gas.

(e) Iron-18% chromium sample coated with carbonate film in dry gas. (f) Iron-18%

chromium sample coated with carbonate film in humidified gas.
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Because of the creeping properties of molten carbonate, there is usually a thin

film on the surface of the current collector and the separator plate in the MCFC. The

TGA experiments simulate these corrosion conditions on the cathode side. Curve (d) in

Fig. 3-14, represent a corroding sample in a limited amount of carbonate melt at open

circuit potential; the possible cathodic reactions for the corrosion process being the

reduction of water and oxygen. Curve (c) represented a corroding sample in a limited

amount of carbonate melt without water at open circuit potential; the only possible

cathodic reaction for the corrosion process being the reduction of oxygen. XRD results

on the TGA samples of iron coated with a thin layer of molten carbonate both in the dry

and moist cathode gas environments, give the same corrosion products, LiFeO2, Fe2O3

and FeO. The weight gain curves of TGA samples are similar in dry and moist gas

conditions. These results indicate that oxygen reduction is the major cathode reaction in

both cases.

However, if the sample is fully immersed in the melt the situation is different.

The solubility of oxygen is very low in the melt, and for a fully immersed sample, the

rate of oxygen transport to the surface is much lower than that for a sample coated with

a thin film of molten carbonate. When the rate of oxygen transport to the corroding

surface is limited, the major cathode reaction becomes instead the reduction of water.

3.4. Contact corrosion resistance

In order to investigate the contribution to the total polarisation of the contact

resistance, electrochemical experiments were performed in a laboratory scale fuel cell

unit with a specially designed current collector. Two cathode materials, NiO and

LiCoO2, were investigated to elucidate the impact of the cathode material on the formed

corrosion layer. The contact resistance between the cathode and the current collector

contributes with a large value to the total cathode polarisation.

Electrochemical investigations

The polarisation curves in Fig. 3-15 give some useful information about the NiO

cathode in contact with the AISI 310 current collector. Curves (a), (b) and (e) are all

made without iR-compensation. Curve (a) shows the total overvoltage including
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cathode polarisation, the contact resistance between the cathode and the current collector

plate and the ohmic drop in the electrolyte. Curve (b) shows the cathode polarisation. It

is clear from the figure that the contact resistance (curve e) contributes with a large

fraction to the total polarisation, at 1500 A m-2 the potential drop over the contact

resistance is about 75 mV. As a complement two measurements were performed when

using the built-in iR-compensation unit (curves c and d). Current interruption is a

generally used technique for correcting measured electrode potentials for the ohmic

potential drops in the current collector and in the electrolyte between the electrode

surface and the reference electrode. In this way the contributions from electrode

overvoltage and external resistance, in current collector and in electrolyte, to the total

measured steady-state overvoltage could be separated. The two curves, (c) and (d),

coincide and show the polarisation of the NiO cathode itself, when ohmic losses are

subtracted. The difference between curve (b) and curve (c or d) gives a value of the

ohmic potential drop through the electrolyte from the cathode-electrolyte interface to the

reference electrode (RE), at 1500 A m-2 this value is about 40 mV.

In Fig. 3-16 polarisation curves for the case with a LiCoO2 cathode are shown.

The aim of the procedure used in this study was to directly measure the contact

resistance. However, curve (e) indicates a much larger contact resistance than the actual

when using the LiCoO2 cathode. The reason for this unreliable result is the geometry of

the current collector and the poor conductivity of the LiCoO2 electrode. Probe 2 is

placed in a hole with a diameter of 2.5 mm, which means that no current will pass into

the center of the cathode, resulting in a non-uniform current and potential distribution.

The latter is also the reason for curves (c) and (d) not to coincide. The potential

difference between curve (a) and curve (d) should give the ohmic losses, including

electrolyte, contact resistance and current collector. However, when studying a porous

electrode material with a finite conductivity the current interruption method should be

used with caution. When the external current is cut, there are still currents flowing

inside the electrode due to a non-uniform potential distribution and residual

electrochemical reactions in the interior of the electrode. As long as the effective

conductivity of the electrode material is good, as in NiO, the electrode overvoltage will

be iR-compensated correctly, as shown in Fig. 3-15. With LiCoO2 the ohmic losses are

somewhat overcompensated, i.e. curve (d) should be moved slightly upwards.

Anyhow the difference between curves (d) and (a) gives a maximum value of the

ohmic losses.
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Fig. 3-15. The polarisation curves obtained in the laboratory cell, with NiO as cathode

and AISI 310 as current collector. Potential difference between (a) probe 1 and RE, (b)

probe 2 and RE, (e) probe 1 and probe 2. iR-corrected polarisation curves between (c)

probe 2 and RE, (d) probe 1 and RE.

Fig. 3-16. The polarisation curves obtained in the laboratory cell, with LiCoO2 as

cathode and AISI 310 as current collector. Potential difference between (a) probe 1 and

RE, (b) probe 2 and RE, (e) probe 1 and probe 2. iR-corrected polarisation curves

between (c) probe 2 and RE, (d) probe 1 and RE.
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Potential distribution

In order to verify the possible problems with potential and current distribution in

the case of LiCoO2 cathodes, some mathematical calculations were done (see Model

description in Paper-6). As expected, the potential distributions in both the solid

electrode phase and the electrolyte phase are non-uniform due the design of the current

collector and the poor conductivity of LiCoO2 electrode. The results at a current density

of 1500 A m-2 are shown in Fig. 3-17. The unit of the x- and y-axis is meter,

representing the geometry of the system, while the colour represents the potential in

volt.

The polarisation between the current collector (probe1) and the reference electrode

(RE) is the difference between φs  in solid phase at the current collector boundary (0.06

V, Fig. 3-17 a) and φl in electrolyte phase at the interface between the cathode and the

electrolyte matrix (0.2 V, Fig. 3-17 b), i.e. 140 mV. The potential drop over the

thickness of the current collector plate is neglected. A uniform current distribution along

the width of the electrode should result in the same potential difference between probe 2

in solid phase, φs  and φl at the interface between the cathode and the electrolyte matrix.

However, that is not the case with the LiCoO2 cathode, since the potential difference in

the solid phase between the center of the cathode (0.2 V) and the rest of the current

collector boundary (0.06 V) is about 140 mV. This results in a potential difference of

only about 10 mV between probe 2, φs , and φl at the interface between the cathode and

the electrolyte matrix. This is not a reasonable cathode polarisation. When looking at the

experimental results in Fig. 3-16, it can be seen in curve (d) that the cathode polarisation

at 1500 A m-2 is about 225 mV, while curve (c) gives a value of about 50 mV, i.e. the

potential difference along the width of the cathode was about 175 mV. In order to

determine the contact resistance from curve (e) the experimental result should be

compensated for the potential difference caused by the non-uniform potential

distribution.

Fig. 3-18 shows the potential distributions in the NiO cathode at a current density

of 1500 A m-2. Due to the high conductivity of the NiO cathode, the potential

distribution is only slightly non-uniform along the width of the solid phase, Fig. 3-18 a,

but is uniform along the width of the electrolyte phase, Fig. 3-18 b. The potential

difference between φs  in solid phase at the current collector boundary and φl in
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electrolyte phase at the interface between the cathode and the electrolyte matrix was

about 95 mV, which is the cathode polarisation. This is in good agreement with the

experimental result as shown by curves (c) and (d) in Fig. 3-15.

Fig. 3-17. The potential distribution in solid (a) and electrolyte (b) phases in case of

LiCoO2 cathode at the current density of 1500 A m-2.

Fig. 3-18. The potential distribution in solid (a) and electrolyte (b) phases in case of

NiO cathode at the current density of 1500 A m-2. Please note that the voltage range

here is different from that in Fig. 3-17.
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3.5. Corrosion layer

Surface analysis characterisation of the exposed samples, such as X-ray

Diffraction (XRD), Scanning Electron Microscopy (SEM) and Glow Discharge

Optical Emission Spectroscopy (GDOES), were used to further investigate the

corrosion and the composition of the formed corrosion layers.

For the immersed pure iron sample, there was only one thin and porous layer

formed on the surface. This thinner and porous layer on iron does not protect against

further rapid corrosion, therefor, a high corrosion current density was obtained.

Corrosion layer formed on AISI 310 and some iron-chromium binary alloys were

investigated. It was shown that there are two layers formed, a chromium-rich inner

layer close to the metal and a porous outer layer consisting mainly of lithium-iron

oxides, Fig. 3-19. The inner layer protects against further rapid corrosion, therefore the

corrosion rates were much lower than on pure iron.

outer layer

inner layer

metal

Fig. 3-19. The structure of the corrosion layer formed on iron based alloys.

Thermax 4762, containing 1.5 % aluminium is a very interesting material to be

used as cathode current collector. Therefore, GDOES experiments were performed on

Thermax 4762 samples exposed in lithium-sodium carbonate melt under the standard

cathode condition for different exposure times, namely, 4, 24, 48, 72, 96 and 120

hours, Figs. 3-20 (a-f).

During the first 4 hours, a corrosion layer of about 1.8 µm was formed, Fig. 3-

20 (a). This layer was aluminium-rich and contained lithium. The amount of iron and

chromium were decreasing towards the surface. After 24 hours, Fig. 3-20 (b), the

thickness of the corrosion layer was 8 µm, while after 48 hours, it had grown to 21
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µm, Fig. 3-20 (c). The latter layer consists of two parts. The outer part is mainly

containing lithium, iron and oxygen, while the inner part is chromium and aluminium-

rich, and containing lithium, iron and oxygen. Also in the corrosion layer formed after

24 hours chromium enrichment may be found halfway through the layer.

The growth of the corrosion layer became relatively slow, after the first 48 hours.

After 72 and 96 hours exposure, Figs. 3-20 (d) and (e), the total corrosion layer

thickness increased to about 24 and 30 µm. After another 24 hours, the corrosion layer

was about 33 µm, Fig. 3-20 (f). This means that during the first 48 hours the increase

in thickness was 21 µm, while the following 72 hours resulted only in an increase of

12 µm. All these four figures, Figs. 3-20 (c) to (f), show that there were two layers in

the corrosion products. The inner layer was chromium and aluminium-rich. The outer

layer was mainly consisting of lithium, iron and oxygen.

GDOES results after more than 48 hours exposure show that aluminium was not

detected in the outer layer, but existed in the inner layer. This means that there is no

lithium aluminate protection layer formed on the surface. This is in accordance with

results presented by Matsuyama et al. 26. They pointed out that a thin LiAlO2 layer was

formed on the surface only when the aluminium content was exceeding 5 wt%. The

aluminium content in Thermax 4762 is only 1.5 wt% and is therefore not sufficient to

form LiAlO2 on the surface. However, a protective Al-rich oxide inner layer is formed.

Thermax 4762 could be an alternative current collector material in cathode environment

with a lower contact resistance than high aluminium containing steels due to the absent

of a LiAlO2 layer on the surface.

In the determination of the corrosion layer thickness from the GDOES results,

the material in which the oxygen content exceeds 2% was defined as corrosion layer.

By using these criteria, the thickness of corrosion products as a function of exposure

time was obtained, Fig. 3-5. The linear polarisation resistance (Rp) as function of time

is also shown in this figure. The thickness of the corrosion layer formed on Thermax

4762 as function of time shows two linear regions. The first 48 hours indicate a higher

corrosion rate. Then the oxygen reduction becomes the dominant reaction, and the

corrosion rate decreases. The constant corrosion resistance (Rp) in the two stages

indicates that the corrosion current densities are constant, giving a linear growth of the

corrosion layer.
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Fig. 3-20. Compositions of the surface layers, obtained by GDOES, of Thermax 4762

after different exposure time in carbonate melt at the standard cathode condition, (a) 4

hours, (b) 24 hours, (c) 48 hours, (d) 72 hours, (e) 96 hours and (f) 120 hours.

The above investigations were all for samples from the pot-cell experiments.

When the material is in contact with the electrode in a fuel cell, the situation will be
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different. By using SEM with EDS different phases and compositional differences

were detected in the corrosion layer formed between the AISI 310 current collector and

cathode materials. Due to its low atomic weight lithium can not be detected by EDS.

However, the presence of lithium ions in the melt promotes the formation of lithium

containing oxides. Fig. 3-21 shows the cross section of the corrosion layer formed

between the NiO cathode and the AISI 310 current collector, after 5 weeks operation of

the laboratory fuel cell. An overview in Fig. 3-21 (a) shows that the contact between the

NiO and the corrosion layer was good. The thickness of the corrosion layer was about

15 µm.

The chemical composition was analysed in several points close to the

cathode/current collector interface. The chosen points and their chemical compositions

are shown in Fig. 3-21 (b) and Table 3-4. Points 1 to 7 were chosen in order to look for

the influence of the NiO cathode material on the formed corrosion layer. Points 8 to 12

were chosen from an area where the corrosion layer had no direct contact with the solid

phase of the NiO cathode. The base material of the current collector, AISI 310, was

given at point 1 and 8. When moving towards the cathode, points 2 and 9, a chromium-

depleted layer is found. This depleted layer may easily be seen by image enhancement,

e.g. by increasing the image contrast. The chromium depletion arises from the fact that

chromium is more readily oxidised than the other metal elements. Consequently, the

next layer, points 3 and 10, consists of a chromium-rich oxide. Outside that oxide most

probably a solid solution of LiFeO2 and NiO has been formed, points 4, 5, 11 and 12.

The solid solution may be described by the formula LixFexNi2(1-x)O2. The ratio

between nickel and iron is not constant within the whole layer, but increasing towards

the NiO cathode. The interface between the chromium-rich oxide layer and the solid

solution is clearly revealed because of what appears to be a crack. This interfacial crack

may have been formed during cooling and caused by differences in thermal expansion

coefficients. Point 7 corresponds to the NiO cathode material. As can be seen in Fig. 8,

the cathode material is not in direct contact with the current collector everywhere along

the interface. Differences in the formed corrosion layer due to this lack of contact were

studied. As expected the ratio between nickel and iron is increasing when moving from

an area where the contact between the cathode and the current collector is lacking (point

12) to a good contact area (point 15). According to this result the contact with the NiO
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cathode really affects the composition of the formed corrosion layer by increasing the

content of nickel.

Fig. 3-21. SEM micrograph of a cross section of the corrosion layer formed between

the NiO cathode and AISI 310 current collector, after 5 weeks of running in a

laboratory cell, (a) overview and (b) the element compositions analysed by EDS. The

numbers are referring to Table 3-4.
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Table 3-4. The compositions (weight %) in the corrosion layer formed between the

NiO cathode and AISI 310 current collector. The table corresponds to Fig. 3-21 b.

O Cr Fe Ni
1 24.4 54.3 21.3
2 13.6 60.0 26.4
3 11.2 65.7 11.9 11.2
4 14.6 8.5 51.5 25.4
5 12.1 1.1 40.9 45.9
6 8.9 0.8 5.2 85.0
7 5.6 0.2 1.0 93.1
8 24.3 54.3 21.4
9 16.3 58.4 25.3
10 12.7 44.1 37.8 5.4
11 16.1 1.2 62.9 19.7
12 12.6 0.6 54.6 32.1
13 10.8 0.7 49.4 39.0
14 10.8 0.4 40.3 48.5
15 9.9 0.2 16.5 73.5

The cross section of the corrosion layer formed between LiCoO2 and AISI 310

current collector, after 8 weeks running of lab-cell, is shown in Fig. 3-22. The EDS

analysis is shown in Fig. 3-22 (b) and Table 3-5. The thickness of the corrosion layer is

about 20 µm and the layer seems to be more porous than that formed between NiO and

AISI 310, Fig 3-21 (b). In the direction from the stainless steel towards the cathode the

analysis, similar to the NiO case, shows a chromium-depleted layer followed by a

chromium-rich oxide, Fig. 3-22 (b). Outside the chromium-rich layer, an iron-rich and

quite porous corrosion layer is formed. This layer consists most presumably of iron

oxide with dissolved Ni and small amounts of Cr and Co.

Corrosion in molten salts can be generally characterised by oxidation of the metal

and dissolution of the oxide layer 45. For oxidation, oxidant (e.g. water and oxygen)

dissolved in melt has to diffuse to the metal surface. One widely discussed model in

high temperature corrosion is the fluxing model 20, 25. In this model, the protective oxide

layer dissolves in the molten salts. When the dissolution creates a gradient of the

oxidant, the dissolved oxidant species are transported away from the corrosion site.

Thus, an oxide layer formation by dissolution and re-precipitation is established. A

porous and non-protective layer is formed with a more protective chromium-rich layer

below. When the metal is in contact with the porous cathode the situation is different.
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The cathode material will affect the corrosion process by taking part in the formation of

corrosion layers.

Fig. 3-22. SEM micrograph of a cross section of the corrosion layer formed between

the LiCoO2 cathode and AISI 310 current collector, after 8 weeks of running in a

laboratory cell, (a) overview and (b) the element compositions analysed by EDS. The

numbers are referring to Table 3-5.
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Table 3-5. The compositions (weight %) in the corrosion layer formed between the

LiCoO2 cathode and AISI 310 current collector. The table corresponds to Fig. 3-22 b.

O Cr Fe Ni Co
1 24.4 55.2 20.3
2 13.4 60.4 26.2
3 15.8 49.4 20.2 14.6
4 18.8 3.4 58.8 19.0
5 20.5 1.5 58.2 15.3 4.6
6 8.6 1.2 55.5 9.9 24.7
7 14.9 50.6 6.1 28.4
8 11.7 5.9 82.4
9 23.2 3.7 73.1

The present study has demonstrated an increased contact resistance when

exchanging the NiO cathode with a LiCoO2 cathode. The reasons for the increased

contact resistance may be several. One explanation may be the chemical composition of

the formed corrosion layer. In the case of the NiO cathode, the EDS analysis presented

here shows a Ni-rich corrosion layer. Nickel is supplied by dissolution of the NiO

cathode in the carbonate melt. NiO and LiFeO2, which have a NaCl structure, form a

solid solution in the corrosion layer. The conductivity of this phase is relatively good

due to the nickel content. The LiCoO2 cathode on the other hand has a much lower

dissolution rate than NiO in the carbonate melt 12, 24, 25. This means that components of

the LiCoO2 cathode have a minor influence on the formed corrosion layer assuming

that the rate controlling transport occurs in the liquid phase. Besides, the crystal

structure of LiCoO2 is different from the structure of NiO and LiFeO2, and thus

LiCoO2 has only a limited solubility with respect to NiO and LiFeO2. In the solid

solution of NiO and LiFeO2, the conductivity will vary from that of NiO to that of

LiFeO2. In contrast, LiCoO2 and LiFeO2 have only a limited solubility, lower than 13%,

and therefore this probable two phase oxide will have a lower conductivity.

Furthermore, the Co content in the observed corrosion layer is quite low, lower than 5

mol%, see Table 3-5.

A further explanation to variations in contact resistance is that the NiO cathode

was formed in-situ by oxidising and lithiating a porous nickel electrode, when starting

up the cell. This resulted in a good contact with the current collector. However, the

LiCoO2 cathode was already an oxidised material and took with it all the imperfections

from manufacture, to give an inferior contact with the current collector. When looking

at Fig 3-22, a marked gap between the cathode and corrosion layer can be seen.
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However, whether this gap had existed during operation of the fuel cell, or was a result

of the cell cooling down is difficult to determine. In conclusion, the NiO cathode, with

its higher solubility in the carbonate melt, had less contact resistance in comparison to

the LiCoO2 cathode.

3.6. Corrosion potentials

The corrosion potentials of high-chromium ferritic steels and AISI 310 during

exposure, as functions of time, were investigated. Figs. 3-23 and 3-24 show the

corrosion potentials as functions of time when exposed in (Li0.60/Na0.40)2CO3 melt under

three different cathode gas conditions. These results were very different from those

obtained in the anode environments. The measured corrosion potentials on these high-

chromium ferritic steels during exposure, as a function of time, change from -1.2 V to

much more positive values, close to the operating potential of the MCFC cathode.

Subsequently, the cathodic reaction in the corrosion process changes from water

reduction to oxygen reduction. Oxygen gradually played a more important role in the

cathode reaction as the corrosion potential increased and rate decreased.

Fig. 3-23. The corrosion potentials of five high-chromium steels, as function of time, in

lithium-sodium carbonate melt in the standard cathode gas environment.
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Fig. 3-24. The corrosion potentials of Thermax 4762, as function of time, in lithium-

sodium carbonate melt in three different cathode gas environments.

The time needed for the corrosion potentials to reach stable values depends on the

material, temperature and gas composition, Table 3-2. Thermax 4762, AISI 310 and

AL-29-4-2 were investigated in different cathode gas conditions. It was shown that the

time needed for reaching the final potential was shorter in the outlet condition than in

the inlet and standard conditions, Fig. 3-24. The corrosion potential as function of time

over a long time period is a useful indicator of the corrosion layer formation. The

corrosion potential is determined by the mixed potential of metal oxidation and

reduction of the oxidising agents. As shown in Figs. 3-23 and 3-24, the initial corrosion

potential indicated a mixed potential of water reduction and metal dissolution. In the end

of the exposure, the corrosion potential was close to the oxygen reduction potential,

which indicates that the main cathodic reaction has been changed from the water

reduction to the oxygen reduction and the corrosion rate was decreased by the formed

corrosion layer on the surface.

The first corrosion potential shift describes the initial formation of the oxides. The

chromium oxide dissolves then into the carbonate melt in the cathode environment, and

a layer of iron oxide (usually porous) remains on the surface. The iron oxide lithiates in

the lithium carbonate to lithium ferrite. This outer layer provides only some protection

for further corrosion. The corrosion potential increases due to the anodic polarisation

caused by the corrosion layer. When the inner Cr and Al rich layer was formed,
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passivation is beginning. The outer (porous) Fe-rich layer prevents the Cr- and Al-rich

layer from a rapid reaction with the environment. The inner Cr- and/or Al-rich layer

provide an effective protection for further fast corrosion.
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4 . Corrosion in the anode gas environments

The anode-side environment is generally more corrosive than the cathode-side,

and there is currently no identified alloy, suitable in both environments, listed in the

literature. A bi-metallic design is therefore suggested, with a high chromium alloy to be

used at the cathode side, and an alloy containing high amounts of aluminium at the

anode side. The corrosion behaviours of five ferritic steels, with high aluminium

content, were investigated in three different anode gas environments. The evaluation of

corrosion rates and resistances from the electrochemical methods, based on

conventional Tafel extrapolation and linear polarisation equations, were not valid under

these conditions. Therefore, a modified theoretical model was used to evaluate these

properties.

4.1. Passivation

The anodic polarisation curves in the standard anode environment, Fig. 4-1, are

similar to those in the cathode environment. The major difference is due to the different

background currents. In the cathode environment, oxygen reduction will contribute with

a cathodic current in the whole potential region below the equilibrium potential of the

oxygen electrode reaction. In the anode environment, the oxidation of hydrogen will

result in a limiting anodic current in the potential region above approximately -1.0 V vs.

ref. In a corrosion process of metals under anode condition, the cathodic reaction is the

reduction of water. While under cathode condition, there are two possible cathodic

reactions, oxygen reduction and water reduction. The normal operating potential of the

cathode, in the fuel cell, is about -50 to 100 mV, which falls in the potential region

where passivation seems to occur. In contrast, the operating potential of the anode is

about -1 V, which is below the potential region of passivation. This indicates that higher

corrosion rates could be expected on the anode side than on the cathode side. In both

cathode and anode environments, the passive (corrosion) current densities of iron

samples are high, implying a high corrosion rate. As the chromium content increases,

the passive current density decreases. While for AISI 310 under anode environment,

the passivation seems to break down when the potential increases after - 350 mV.
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Fig. 4-1. The anodic polarisation curves in lithium-potassium carbonate melts, in the

standard anode environment, after 0.5 h exposure at open circuit potential. (a) iron, (b)

Fe-18Cr, (c) Fe-25Cr, (d) SS 316 and (e) AISI 310.

Fig. 4-2. The comparison of anodic polarisation curves for Kanthal A1, AISI 310, SS

316 and gold, in the standard anode environment.
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of anodic polarisation curves for SS 316, AISI 310 and Kanthal A1 shows that the

current density on Kanthal A1 is very low over the whole potential region, and of the

same order as on gold, when the potential is below 200 mV, Fig. 4-2. This indicates

that the major part of the measured current density is caused by hydrogen oxidation in

this potential region.

4.2. Corrosion rates

The electrochemical techniques used for determination of the corrosion rates were

linear polarisation resistance and Tafel extrapolation. The Tafel curves of metals

obtained in the anode environment show no linear region, except for pure iron.

Furthermore, the equilibrium potential of the hydrogen electrode reaction is -1.1 V,

which is very close to the corrosion potentials of SS 310 and iron-chromium alloys.

This means that the normal Tafel equation is not valid when evaluating corrosion

current densities in the anode environment. The corrosion rate of pure iron in the anode

environment is about eight times higher than that in the cathode environment. This is in

a way quite surprising since the driving force for corrosion is expected to be much

larger in a cathode environment. Fig. 4-3 shows a comparison of Tafel extrapolation

curves of AISI 310 in anode and cathode environments, after 24 hours exposure in the

melts. The corrosion rate of AISI 310 is much higher in anode environment than in

cathode environment.

The corrosion potentials of stainless steel in molten carbonate melt, in both

cathode and anode environments, are almost the same although the cathodic reactions

are expected to be different. In the anode environment, water reduction is the cathodic

reaction for the corrosion process, while in the cathode environment, the cathodic

reactions are the oxygen reduction and the water reduction. In the latter case the

corrosion potential and the corrosion rate is determined by the water reduction reaction,

and to a much smaller extent by the rate of oxygen reduction. Thus the corrosion rates

in anode and cathode environments are determined by the same cathode reaction, i.e.

water reduction, in the initial stage of the corrosion. While, as the corrosion potentials in

the cathode environments increase to the operating potential of the MCFC cathode, the

cathodic reaction in the corrosion process changes from water reduction to oxygen

reduction as discussed in last chapter.
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Fig. 4-3. A comparison of Tafel extrapolation curves, obtained in lithium-potassium

carbonate melts on AISI 310 samples, between the standard anode and cathode

environments.

4.2.1. Theoretical model

The corrosion potential and the corrosion current density for a uniformly

distributed corrosion process can be described by the mixed potential theory. The

corrosion potential and the corrosion rate will be determined by the kinetics of the metal

oxidation reaction and the kinetics of the reduction reaction of the oxidising agent. In

order to correctly evaluate experimental electrochemical data, the kinetics of both the

anode and cathode reactions must be described as accurate as possible.

Water reduction in corrosion process

In the molten carbonate system, under anode conditions, the oxidising agent will

be water dissolved in the melt. The overall reaction is

H2O + CO2 + 2 e- = H2 + CO3
2- (4-1)
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oxidation of hydrogen in molten carbonate is known to be fast, and largely influenced

by mass transfer limitations of hydrogen leading to an anodic limiting current density at

higher anodic overpotential. The rate of this reaction in cathodic direction will also be

affected by mass transfer limitations of water and/or carbon dioxide to the surface. This

will lead to a cathodic limiting current density as well. At a given moment, assuming

quasi steady-state, i.e. neglecting all slow changes on the surface and in the melt caused

by the corrosion process, the rate equation for the overall cathode reaction is: 46
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where ic is the current density and E the electrode potential. i0,c is the exchange current

density and E0,c  is the equilibrium potential of water reduction. αac and αcc is the anodic

and cathodic transfer coefficient respectively. ilim ,ac and ilim,cc  are the anodic and cathodic

limiting current densities.

The exchange current density for reaction (4-1) is in the order of 100-1000 A m-2

for standard anode gas at 650°C in lithium potassium carbonate melt 47, 48. The anodic

limiting current density is controlled by the diffusion rate of dissolved hydrogen to the

electrode surface. The thickness of the diffusion layer in the cell geometry used for

corrosion measurements in molten carbonate is determined by the thermal free

convection in the cell. An order of magnitude calculation gives a limiting current

density for hydrogen oxidation of about 1 A m-2 49, 50. This is considerable smaller than

the exchange current density of the reaction. The cathodic limiting current density will

be higher than the anodic limiting current density, but still much smaller than the

exchange current density. Thus, assuming io,c >> ilim,ac  and io,c  >> |ilim,cc |, the rate

equation, Eq. (2), can by an algebraic operation be simplified to
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If the mass transfer limitations of the cathodic part of the reaction can be

neglected, i. e. |ilim ,cc|>> ilim,ac, Eq. (3) can be further simplified to
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α α
(4-4)

Metal oxidation

Metal corrodes due to oxidation according to the general reaction:

Me = Mez+ + z e- (4-5)

The metal ions can dissolve in the melt or, depending on their solubility, precipitate at

or close to the corroding metal surface. This could lead to the formation of a more or

less protective oxide layer on the surface. If a protective layer is not formed, the rate for

metal oxidation is given by:
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where io,a  is the exchange current density of the metal dissolution, αaa is the anodic

transfer coefficient of metal dissolution, and the Eo,a  is the equilibrium potential of the

metal dissolution. It has then been assumed that the reaction proceeds at a potential

sufficiently far away from the equilibrium potential of the reaction for the anodic term

to be neglected, and that the rate can be given by a simple Tafel expression.

If the rate of metal dissolution is limited by mass transport in the electrolyte or

through a protective oxide layer, the anodic term can be given by
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where ilim,a  is the limiting current density of the metal dissolution.
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The mixed potential

The relation between current density and potential of a corroding surface is

obtained by combining the rate equations for the water reduction and the metal

oxidation. The most general case would be obtained if Eqs. (4-3) and (4-6) were

combined. However, this expression becomes somewhat bulky, and is not needed to

illustrate the general difficulties encountered when the corrosion rate should be analysed

in this system. If the mass transfer limitation of the cathodic part of the reaction can be

neglected, Eq. (4-4) can be used to describe the rate of water reduction reaction. By

setting icorr=ia =-ic at E = Ecorr , this combination of Eqs. (4-4) and (4-6) gives an

expression which describes the current density as a function of the potential
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where icorr  is the corrosion current density at the corrosion potential Ecorr . The slope of

the current density-potential curve at the corrosion potential becomes
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The equation shows that the corrosion rate (icorr ) can only be read out directly

from the slope if it is much larger than the limiting current density for the hydrogen

oxidation reaction. Otherwise the limiting current density must be known and

compensated for.

If mass transfer limitations for the metal oxidation is accounted for by the use of

Eq. (4-7), the following more general expression is obtained:
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If the metal oxidation instead is assumed to proceed at a limiting current density i.e.,

icorr  = ilim ,a, Eq. (4-9) can be simplified to
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where the slope of the current density-potential curve at the corrosion potential is given

by
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It can be seen from Eqs. (4-10) and (4-11) that it will be difficult to separate the

corrosion current density from the limiting current density for hydrogen oxidation

when the metal oxidation proceed at a limiting current density.

4.2.2. Results and discussion

The equations derived in the section above have been used in the evaluation of the

corrosion rates from the experimental data. Fig. 4-4 shows experimental and fitted

curves for Kanthal A1, exposed in molten carbonate melt for 120 hours, at different

anode gas conditions. Curve fittings were done by a combination of Eqs. (4-3) and (4-

7), using a non-linear least square fitting routine in the MATLAB program. Similar

experimental data and fittings were obtained for Kanthal AF, PM 2000 and other

samples, see Table 4-1.
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The linear polarisation resistance was measured experimentally, and the corrosion

current densities were then obtained by using a simplified form of Eq. (4-9). If the

limiting current density of the hydrogen oxidation, ilim ,ac, is assumed to be much smaller

than the corrosion current density icorr  the equation can be simplified to
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(4-13)

This equation was used to evaluate the corrosion current density from linear

polarisation data. From the fitting data by combination of Eqs. (4-3) and (4-7), a value

of around 2 for αaa + αac + αcc was obtained in most cases. Here we have taken αaa +

αac + αcc as 2. The polarisation resistance and the corresponding corrosion current

densities obtained from the evaluation by Eq. (4-13) are summarised in Table 4-1. The

linear polarisation resistance of Kanthal A1 was measured several times during the

exposure, the results were almost independent of the exposure time.

The shape of the polarisation curves for the standard and outlet gas conditions

were similar, and the fittings were very good. The corrosion current densities for

Kanthal A1, Kanthal AF and PM 2000 were almost the same under these two

conditions. In the inlet condition, the fitting became a little difficult because of the

instability of the measured current densities, curve (c) in Fig. 4-4. The corrosion current

densities obtained by Tafel extrapolation method, in inlet condition, were about ten

times higher than in the standard and outlet conditions.

The evaluation of corrosion rates from the experimental electrochemical data,

Tafel curves and linear polarisation resistance, by using the modified theoretical model,

show good agreement between the two electrochemical methods, in the standard and

outlet anode gas conditions. In the inlet condition, the corrosion current densities were

not the same when evaluated by the linear polarisation resistance method and Tafel

extrapolation method. For example, the current densities evaluated from linear

polarisation resistance were about 2-7 times higher in inlet condition than in standard

and outlet conditions, while a factor of ten in difference were obtained when using Tafel

extrapolation, Table 4-1. This indicates that the evaluation of the corrosion current

density, from the linear polarisation resistance, may became rather inaccurate in the inlet
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anode condition. This is due to the difficulty of separating the corrosion current density

from the limiting current density for hydrogen oxidation.

There are no significant differences for Kanthal A1, Kanthal AF and PM 2000

concerning the thickness of the corrosion layers and the corrosion current densities in

standard and outlet anode gas conditions, Table 4-1. However, when exposing the

samples to inlet anode gas conditions approximately ten times higher corrosion current

density as well as corrosion layer thickness are obtained. In order to investigate the

influence of temperature on the corrosion rate Kanthal A1 samples were exposed to the

standard anode gas at 600, 650 and 700°C, and to inlet gas at 600 and 650°C, as shown

in Figs 4-5 and 4-6. The results show that the temperature had little effect on the

corrosion rates in the standard gas condition. In the inlet gas the lower temperature

resulted in a significantly higher corrosion rate.
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Fig. 4-4. Experimental and fitted polarisation curves of Kanthal A1 exposed in lithium-

sodium carbonate melt for 120 hours: (a) standard anode gas environment, 650°C, (b)

outlet anode environment, 700°C, (c) inlet anode gas environment, 600°C.
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Table 4-1. Corrosion resistance or corrosion current density, respectively, and corrosion

layer thickness for the investigated steels in the different anode gas environments.

Standard anode
gas, 6500C

Inlet anode
gas, 6000C

Outlet anode
gas, 7000C

Kanthal A1
Linear polarisation resistance
method (Rp, icorr )
Tafel method (icorr)
Thickness of corrosion layer
after 120 h (by GDOES)

0.14 Ω m2

0.3 A m-2

0.2 A m-2

0.7 µm

0.088 Ω m2

0.5 A m-2

4 A m-2

16 µm

0.13 Ω m2

0.3 A m-2

0.3 A m-2

0.6-0.7 µm

Kanthal AF
Linear polarisation resistance
method (Rp, icorr )
Tafel method (icorr)
Thickness of corrosion layer
after 120 h (by GDOES)

0.19 Ω m2

0.2 A m-2

0.1 A m-2

1 µm

0.04 Ω m2

1.0 A m-2

4 A m-2

10 µm

0.065 Ω m2

0.5 A m-2

0.4 A m-2

1.3 µm

PM 2000
Linear polarisation resistance
method (Rp, icorr )
Tafel method (icorr)
Thickness of corrosion layer
after 120 h (by GDOES)

0.21 Ω m2

0.2 A m-2

0.3 A m-2

1.5 µm

0.028 Ω m2

1.4 A m-2

7 A m-2

14 µm

0.11 Ω cm2

0.4 A m-2

0.6 A m-2

1.4 µm

Kanthal D
Linear polarisation resistance
method (Rp, icorr )
Tafel method (icorr)
Thickness of corrosion layer
after 120 h (by GDOES)

0.25 Ω m2

0.2 A m-2

0.1 A m-2

MA 956
Linear polarisation resistance
method (Rp, icorr )
Tafel method (icorr)
Thickness of corrosion layer
after 120 h (by GDOES)

0.20 Ω m2

0.2 A m-2

0.5 A m-2

1.4 µm

One experiment on a Kanthal A1 sample was run to study the effect of the initial

gas condition on the corrosion resistance. Fig. 4-7 shows that the gas condition in the

initial stage affects the corrosion rate later on. One of the samples was exposed to the

standard gas condition at 650°C for the first 24 hours of exposure. The condition was

then changed to the inlet gas condition at 600°C for the rest of the exposure time, Fig 4-

7 curve (b). This can be compared to a sample exposed to inlet condition at 600°C for
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the whole time, Fig 4-7 curve (a). The latter shows a higher corrosion current density.

The evaluated corrosion rates from the fittings are summarised in Tables 4-1 and 4-2.
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Fig. 4-5. Experimental and fitted polarisation curves of Kanthal A1 exposed in lithium-

sodium carbonate melt for 120 hours, at the standard anode gas composition: (a)

700°C, (b) 650°C, (c) 600°C.
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Fig. 4-6. Experimental and fitted polarisation curves of Kanthal A1 exposed in lithium-

sodium carbonate melt at the inlet anode gas composition: (a) 600°C and (b) 650°C.
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Fig. 4-7. Experimental and fitted polarisation curves of Kanthal A1 exposed in lithium-

sodium carbonate melt in: (a) inlet anode gas at 600°C for 120 hours, (b) standard

anode gas environment at 650°C for 24 hours, followed by inlet anode gas at 600°C for

96 hours.

Table 4-2. Comparison of the corrosion resistance and corrosion current density for

Kanthal A1 in different anode gas environments and temperatures.

Standard anode
gas, 6000C

Standard anode
gas, 7000C

Inlet anode gas,
6500C

Kanthal A1
Linear polarisation
resistance method (Rp, icorr )
Tafel method (icorr)

0.19 Ω m2

0.2 A m-2

0.1 A m-2

0.14 Ω m2

0.3 A m-2

0.2 A m-2

0.086Ω m2

0.5 A m-2

0.6 A m-2

Two more materials, namely MA 956 and Kanthal D, were investigated in the

standard gas condition. Table 4-1 shows that all the five aluminium containing steels

had a similar corrosion behaviour, with a very low corrosion rate under this standard

anode gas condition. However, the differences were more significant in the inlet and

outlet anode gas environments, for the three samples tested under those conditions.

The fitting of the theoretical model to the experimental data also indicate that the

corrosion rate mainly is controlled by the rate of the metal oxidation process. This



65

implies that even though the corrosion rates reported in this study are determined in the

pot-cell, similar results would be expected in a fuel cell stack. It is shown that the low

temperature in combination with the inlet gas with a high concentration of CO2 results

in a higher corrosion current density. The gas environment, as well as the temperature,

in the initial stage, has a effect on the corrosion rate later on. Conditions corresponding

to the inlet anode gas environment should be avoided during the initial stage of

operation of a MCFC unit.

4.3. Corrosion layer

The corrosion layers formed on AISI 310 were similar to that in cathode

environment. Kanthal materials with high aluminium contents are expected to be used

in the anode side. The formed corrosion layers on these materials were investigated by

scanning electron microscopy (SEM) and glow discharge optical emission

spectroscopy (GDOES) methods. Since the corrosion layers were very thin for

standard and outlet anode gas environment, it was not possible to obtain a good picture

of the cross section by means of SEM in these cases. For the inlet anode gas condition

a corrosion layer thickness that varied between 5 and 10 µm was found. The layer was

very compact, compared to the corrosion layers formed on AISI 310 and SS 316.

Fig. 4-8 shows the composition of the surface layer of Kanthal A1 samples

obtained by GDOES, exposed in carbonate melt in three different anode gas conditions,

namely standard (a), outlet (b) and inlet (c) anode gas. The thickness is measured from

the melt-metal oxide interface (0 at the x-axis). The thickness of the corrosion layer in

the inlet anode gas condition was about 15 µm, while in the standard and outlet anode

gas conditions it was much thinner (about 1.5 µm). The composition profiles show that

there were two layers formed. In the outer part of these layers formed in standard and

outlet conditions, the amount of aluminium was increased, while then decreasing in the

inner layer towards the alloy, as indicated in Fig. 4-8 (a) and (b). In the inlet anode gas

condition, Fig. 4-8 (c), the concentration of the aluminium in the outer part of the

corrosion layer was very low, and increasing towards the inner layer.
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Fig. 4-8. The composition of corrosion layer of Kanthal A1 sample after 120 hours

exposed in (a). standard anode gas environment at 6500C, (b). outlet anode gas

environment at 7000C, (c). inlet anode gas environment at 6000C.
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The aluminium in the surface of the corrosion layer in inlet condition was

significantly less than those in standard and outlet conditions. The chromium content

was decreasing from the alloy to the surface of the corrosion layer for all these three

anode gas conditions, as shown in Fig. 4-8. Lithium and oxygen were found in the

corrosion layer in all three anode gas conditions. The content of lithium follows the

aluminium profile and is therefore higher at the metal/oxide interface than at the

oxide/melt interface. This indicates that lithium aluminium oxide may be formed and

lithium is readily transported in the aluminium oxide layer. In order to identify LiAlO2

and possibly also its different phases in the corrosion layer, XRD investigations were

made on the Kanthal A1 samples. However, due to the very thin corrosion layers and

their complex compositions, none of the LiAlO2 phases could be identified.

The same GDOES investigations were done for Kanthal AF and PM 2000

samples in the three different anode gas conditions. The results are very similar to those

obtained on Kanthal A1. Figs. 4-9 and 4-10 show the composition profiles of Kanthal

AF and PM 2000 samples in the standard anode gas condition. In the standard as well

as in the outlet conditions, the aluminium content in the surface of the corrosion layer

were much higher than in the base alloy. The lithium content in the oxide layer for

Kanthal AF is higher than for Kanthal A1 and PM 2000. The reason for this is not

known. In the inlet condition, the aluminium was decreasing from the base alloy to the

corrosion layer surface. The chromium contents were similar to those of Kanthal A1,

decreasing from the alloys to the corrosion layer surface in standard, outlet and inlet

conditions. The corrosion layers were much thicker for the inlet anode gas condition,

compared to the standard and outlet anode gas conditions.

As reported in literature 40, both temperature and CO2 content in the gas

environment affect the formation of lithium aluminium oxide from aluminium oxide.

At 600°C, α-LiAlO2 is reported not to be stable, and will be transformed to γ-LiAlO2.

When the content of CO2 is high, the transformation becomes slower. At 650°C and

700°C, a mixture of α-LiAlO2, β-LiAlO2 and γ-LiAlO2 is expected. In this work, it has

not been possible to identify the different lithium aluminium oxide phases in the

corrosion layer. It has been shown that the aluminium contents are very low in the outer

part of the corrosion layer in the inlet anode gas condition, one example was shown in

Fig. 4-8(c). In contrast, the aluminium content is much higher in the outer part of the
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corrosion layer, as indicated in Figs. 4-8(a, b), 4-9 and 4-10. The low corrosion rate on

these alloys in standard and outlet conditions seems to be due to the beneficial

formation of an aluminium oxide which is lithiated to form a protective outer layer of

lithium aluminate.

Fig. 4-9. The composition of corrosion layer of Kanthal AF sample after 120 hours

exposed in standard anode gas environment at 6500C.

Fig. 4-10. The composition of corrosion layer of PM 2000 sample after 120 hours

exposed in standard anode gas environment at 6500C.
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5 . Conclusions

The corrosion rate for a fully immersed iron sample, in the molten carbonate melt at

open circuit potential during 24 hours, is controlled by the mass transfer of oxidising

agent (dissolved peroxide, superoxide ions or water) through the melt and corrosion

layer to the electrode surface. The corrosion mechanism included a charge transfer step

for iron dissolution of the anodic reaction, and an oxidising agent diffusion step

followed by a charge transfer step for the anodic reaction. The mechanism model fits

well to the EIS experimental data. The corrosion rate increases with increasing

temperature. The obtained corrosion rate in the cathode condition is lower than that in

the anode condition, since the water concentration in the cathode side is low.

The corrosion rate for a fully immersed sample in melts under the cathode environment

at operating potential depends on the chromium content; the higher the concentration of

chromium, the lower the corrosion rate. The corrosion rates at operating potential in

lithium-potassium and lithium-sodium carbonate melts are almost the same.

The corrosion potential under cathode environments increases with time when a

protective corrosion layer is formed. Eventually it reaches a more stable potential,

which is close to the cathode operating potential. As the corrosion potential increases,

the main cathodic reaction in the corrosion process changes from water reduction to

oxygen reduction.

Corrosion rate of ferritic steels with high chromium content and AISI 310 is higher at

the so called outlet condition at 700°C compared to standard conditions at 650°C and so

called inlet condition at 600°C. The corrosion rate is higher in the beginning which

results in a relatively fast corrosion layer growth. The corrosion rate slows down when

a protective layer is formed later on.

It has been shown that the corrosion layers, formed on the iron-chromium alloys, AISI

310 and ferretic high chromium containing steels, consist of two layers. The outer layer

is porous with iron rich. The inner layer is quite compact with chromium and/or

aluminium rich. The corrosion behaviour is, therefore, dependent upon the structure of

the corrosion layer at the metal surface.
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An experimental method for in-situ measurements of the contributions to the total

ohmic losses at the cathode in a laboratory scale molten carbonate fuel cell has been

developed. The method works well for NiO electrodes. However, due to the non-

uniform current and potential distribution in the LiCoO2 electrode, caused by low

conductivity, the experimental results could not be used directly. By compensating the

experimental result for the non-uniform potential distribution the contact corrosion

resistance may be determined.

The contact resistance between the cathode and the current collector contributes with a

large value to the total cathode polarization. The formed corrosion layer between the

LiCoO2 cathode and AISI 310 current collector was iron-rich, with a small amount of

cobalt, and more porous, while the corrosion layer formed between NiO cathode and

AISI 310 was nickel-rich. The former corrosion layer is probably a two phase oxide,

which results in a lower conductivity. In contact with a cathode the corrosion layers on

AISI 310 get a different composition compared to samples immersed in carbonate

melt.

In the anode environment, the corrosion resistance of ferritic steels with high

aluminium content are much higher than that of 310 and 316 stainless steels. The

beneficial behaviour of aluminium in these ferritic alloys is due to the formation of

aluminium oxide and/or lithium aluminium oxide at the surface. The corrosion rates at

the standard and outlet conditions are of the same order, while the corrosion rate at the

inlet condition is considerably higher. The lower temperature in combination with the

higher concentration of carbon dioxide at inlet conditions seems to result in a less

aluminium containing layer on the surface.

The modified theoretical model is useful to evaluate the corrosion current densities

from the experimental polarisation curves or linear polarisation resistance

measurements in anode environments, when the corrosion potential is close to the

equilibrium potential of the cathodic reaction in a corrosion process. The fittings were

very good on the high aluminium steels, corroded in the molten carbonate melt under

anode gas environments.
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