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1. Introduction

The flue gas in Oxyfuel Power Plants is characterized by high carbon dioxide and high sulphur dioxide partial 

pressure in combination with high humidity. The reaction between 9-12 % Cr steels steels and CO
2

causes 
carburization /1//2//3/   in their working temperature range between 500 and 620 °C. Carburization effects in CO

2were observed before in the work of Anthill et al. /4/ Similar results were obtained from Piron et al. Using standard 
coupons without additional mechanical load /5/. The carburization in this basic experiments was influenced by the 

oxygen partial pressure and the C r-content of the individual steel /6//7/. The influence of the typically dual 
conditions of corrosive loads is still not investigated in depth. But there is experimental evidence that the inner 

steam oxidation and the outer gas corrosion are not independent but interacting via hydrogen diffusion /8/. The 
diffusion of hydrogen from inside of a heat exchanger tube due to steam corrosion and the activity of carbon in 

contact with the flue gas may result in very low oxygen partial pressures at the interface steel to outer corrosion 
layer. The comparison of different gas compositions showed that the humidity is a dominant factor in the gas 

corrosion /9/. The current experiments include the effect of sulphur. Flowing gas containing 70CO
2

-29H
2

O-1O
2

-
1SO

2

was used to test heat exchanger tubes in a temperature range between 500 and 620 °C. It was expected that 

sulphurization may occur due to the potentially low oxygen partial pressure at the steel surface /10/. The tubes were 
loaded with 270 bar steam which fl ew inside the tubes. Under this conditions hydrogen diffusion from the inner 

surface and carburization of the outer surface may act parallel and influence the overall corrosion process /11/. The 
materials tested were T24, P92. VM12, HSC and DMV 310N. In this contribution a comparison between the 

observed corrosion in  70CO
2

-29H
2

O-1O
2 

gas and  70CO
2

-29H
2

O-1O
2

-1SO
2

will be discussed. In order to prevent 
carburization the necessity and potential of a functional alumina coating will be demonstrated.

2. Observations

Compared to sulphur free test conditions the carburization of the steels after 1000 h in 70CO
2

-29H
2

O-1O
2

-1SO
2was less developed in the temperature regime between 500 and 620 °C but still to observe. But the carburization 

depth was lower than in the atmosphere without sulphur. Sulphur was distributed in the corrosion scale but no 

internal sulphurization was detected. The sulphur containing volumes near the interface between scale and steel 
were amorphous. Crystalline Sulphur containing phases were not detected. The corrosion layers after 1000 h testing 

at 600 °C were thinner  for higher alloyed steels when SO
2

was present. The oxide phases in the scale were 
Magnetite and Hematite. Spinel phases and Cr-saturated Magnetite were observed in dense layer. The T92 exhibited 

a reaction layer consisting of ferrite, magnetite and a phase with high Cr-content. It is believed that Cr
2

O
3

can be 
formed within this reaction zone. The 11 % Cr containing alloy VM12 HSC demonstrated good performance in the 

sulphur containing test gas. After 1000 h only 40 µm oxide scale was grown. A dense duplex layer of iron-
chromium-spinel and Magnetite was formed. This layer obviously was able to reduce the diffusional transport of  

the reactants towards the steel interface and the outwards diffusion of Fe. The outer surface is covered by a dense 
sulfate-sulfide layer containing Fe, Cr and S. Below this surface layer hematite and magnetite follow. The reaction 

zone is less expressed compared to the observations in sulphur free atmosphere.

Figure 1: Corrosion layer on 11 % Cr-steel VM12.
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The T24 steel with the lowest Cr-content showed strong corrosion even at 500 °C, fig. 2. this steel developed a 

300 µm thick scale within the 1000 h test time. In contrast to the experiments without sulphur oxide a clear inner 
and outer scale was visible. The chromium content in the oxide scale is higher than without sulphur dioxide. There 

are indications that more expressed carburization occurs. The carbon distribution in the upper right picture in figure 
2b shows spots with carbon enrichment near the steel -scale interface in in a small volume below the interface in the 

bulk steel. Obviously carbon had not fixed the chromium within the steel completely. The reaction between Cr and 
sulphur may result in Cr-sulfide in the interface region. Within the lateral resolution of the ESMA analysis the 

concentration indicates that no volume of pure sulfide is existing. 
The porosity of the oxide layer is not completely a grown porosity. The sharp edges are not connected to 

crystalline phases still in the oxide but seem to be partly disrupted phases.

a) b)
Figure 2: Corrosion layer on T24 in SO2 containing atmosphere. a) optical micrograph showing an overview of 

the 300 µm thick oxide scale. b) Element mappings of Fe, Cr, C, O, S and a electron micrograph of the 
corresponding microstructure.

To prevent corrosion a functional alumina coating was developed. This coatings supports the formation o f 

protective scales. It is designed to support the self protection of the steel without claiming a lifetime of thousands of 
hours. Examples of this coating and demonstration of its performance is part of the discussion.

3. Discussion and conclusion

From all investigation we concluded:

1. The reactions with H2O, CO
2,

SO
2 
or S are competitive.

2.
Water enhances the diffusivity of O

2

2-, H
2
O and SO

2

3. The limitations are the transport of gases throught the oxide layer towards the steel 

interface if we can assume that the reaction rate with Fe and Cr is high. This 

assumption is supported by the fast oxide layer growth at low temperatures.

4. Only oxide layers with low permeability will be protective.
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5. At 700°C the transport of gases towards the steel will be even faster

6. The influence of ash can be positive if dense reaction layers with low permeability 

for SO
2
/SO

3
, CO

2
, CO, H2O and O

2
can be formed.

Still open questions exist. The carburization of the materials may influence there mechanical 

reliability. Long term  creep behavior  in oxyfuel atmospheres is currently not known. 

Fatigue tests would be necessary to demonstrate that the reliability of the components is not 

effected by carburization. The dual effect in the corrosion of superheater tubes may be more 

expressed in oxyfuel plants than in conventional plants due to to gas species hydrogen and 

carbon diffusing in the steel matrix. The long term corrosion resistance after 4000 or 10000 

h annealing time is not illuminated.

A tailored coating for steels was developed and demonstrated in laboratory tests. 

The preventive introduction of protective coatings may be a temporary precaution or a 

permanent need.
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