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Abstract

Operation of oxy-fuel power plants under ultra-supercritical parameters would help to overcome, to a certain extent,
efficiency penalties from air separation and CO2-compression units. To improve the knowledge on material behavior 
under oxy-fuel combustion six candidate superheater alloys, varying from martensitic via iron-base austenitic to
nickel-base were chosen and exposed at metal temperature of 580°C and 650°C to real oxy-fuel combustion 
conditions in 3MW combustion test rig of Enel and subsequently moved for further tests to laboratory corrosion test 
set-up at IFK. Exact definition of combustion conditions was based on measurements performed by IFRF.
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1. Introduction

Oxy-fuel combustion process including flue gas recirculation (FGR) was suggested in the early
eighties for two purposes: to produce CO2 for Enhanced Oil Recovery (EOR) by Abraham et al. [1]
and/or to reduce environmental impacts in energy generation from fossil fuels by lowering significantly
emitted CO2, proposed by Horn and Steinberg [2].

In the nineties, due to the re-emerging discussions about how to prevent global warming, oxy-fuel
combustion received renewed interest [3] and it has been seen as one of the most promising technologies
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for carbon capture and storage (CCS) [4] being economically and technically feasible for power station 
retrofitting [5]. Due to incorporation of processes demanding significant energy consumption (air 
separation unit and carbon dioxide purification and liquefaction units) the net plant efficiency operated in 
oxy-fuel mode would be by ca. 8-12% points lower compared to a conventional air fired power plant [6]. 
One of the solutions to reduce the efficiency penalty is raising the steam parameters. Therefore the 
information on the corrosive behavior of heat exchangers at the above mentioned conditions is of special 
interest at the Institute of Combustion and Power Plant Technology, University of Stuttgart, IFK and Enel 
Engineering and Research.  

From the fireside, beside increased thermo-mechanical stresses, boiler materials need to face as well 
fouling, slagging and the gas atmosphere itself. Both fouling and slagging depend on the fuel quality and 
might be affected by increased metal surface temperature and different gas composition than in 
conventional air combustion. In conventional air-fired pulverized coal boilers applied widely in the 
energy sector air is supplied for oxidation purposes, whereas in an oxy-fuel combustor it is a blend of 
almost pure oxygen (> 95% oxygen purity) and recirculated flue gases. Since the dilution effect of 
nitrogen (79%-vol. of air) is missing in oxy-fuel compared to the conventional combustion of coal with 
air as an oxidizer much higher concentrations of CO2, SO2, H2O, HCl, etc. are witnessed in oxy-fuel [6]. 

There is no sufficient data on corrosive performance neither of higher alloyed austenitic iron-base 
alloys, nor of nickel-base superalloys neither in conventional air nor under oxy-fuel coal combustion. 
Majority of studies have been performed on ferritic and martensitic alloys and often in a pure gas 
atmosphere without a deposit. Although very different conditions were applied in the reviewed tests some 
observations were repeating. The authors agree that water plays a significant role in oxide formation and 
its stability [7] - [11]. In certain cases the authors inform about poor protective quality of the oxides 
formed in oxy-fuel atmosphere [10]. Piron-Abellan [7] sees more protective chromium-rich surface scales 
formed during air exposure and buckling of outer hematite layer during tests in water rich environments. 
In case of some tested nickel and austenitic superalloys Natesan indicates that steam exacerbates the 
spallation of oxide scales on these alloys and leads to continued oxidation [10]. Increased oxidation of 
certain nickel superalloys in oxy-fuel combustion atmospheres compared to air combustion conditions 
were communicated by IFK before [11]. 

With increasing SO2, oxygen and water concentrations, higher SO2 to SO3 conversion rates are 
expected [12], [13]. SO3 is more reactive than SO2 what might enhance sulfur induced corrosion due to 
formation of low melting eutectics like alkali-iron-trisulphates or Ni-Ni3S2 and Mo-Mo2S3, leading to an 
accelerated material loss.  

The higher concentration of SO3 promotes the sulfur retention in the ash at the convective section of 
the furnace (sulfur retention is negligible in radiative section, above 1150°C) [15]; this increased retention 
can intensify corrosion process from molten and solid ash in boiler deposits [5]. Significant issue 
influencing fireside corrosion is the deposit quality which might cause and/or accelerate sulfur-induced 
corrosion if high amount of alkalis like K and Na are present [16]; or impede it if fly ash acts as sulfur 
sink while forming stable minerals with sulfur [17]. 

Majority of the studies run on corrosion are performed in laboratory set-ups due to cost issues. In such 
tests flat metal coupons are used. Within this study metal samples in the form of rings cut from original 
boiler tubes were first exposed with a corrosion probe of University of Stuttgart in the combustion 
chamber of Enel
(atmosphere, fly ash deposit) and temperature gradient between the combustion gases and cooling 
medium. Moreover due to application of rings cut from metal tubes the samples witnessed real surface 
stresses. Six different alloys, varying from martensitic via austenitic to a nickel-based material were 
exposed at metal temperature of 580°C and 650°C. The samples were moved subsequently for the long 
term tests to the laboratory corrosion test set-up at the University of Stuttgart. Based on gas measurements 
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performed by IFRF it was possible to define exact combustion conditions and repeat them in the long-
term corrosion tests. 

 
 

Nomenclature 

an at analysed onditions 

FoSper 3 MWth combustion test rig of Enel, located in Livorno, Italy 

IFK Institute of Combustion and Power Plant Technology, University of Stuttgart 

IFRF International Flame Research Foundation 

waf water ash free conditions 

wf  water free conditions 

 

2. Experimental part 

2.1. Tested materials 

Main focus of the corrosion tests was on austenitic iron-base alloys with varying chromium content.  
These are: 153MA, 304L, 253MA and 310S (see Table 1). 153MA has a similar composition as grade 
304, however its Si-content is ca. 3 times higher; designed this way to have an impact on the oxidation 
performance at elevated temperatures. 304 grade has already been applied in the superheater and reheater 
sections of some of the first USC-boilers. Due to its austenitic character 304L cannot be hardened by heat 
treatment. However, it can be hardened by cold working, thus the steel might be found in the power plant 
sector in the shot-peened condition. Moreover 304 is known for its excellent weldability by all standard 
fusion methods [18]. 253MA has a very similar composition to the well-known Sanicro25. However, Si-
content of 253MA is much higher than the one of Sanicro25 in order to improve the oxidation behavior of 
the alloy at elevated temperatures. With 7 % more Cr than 304, grade 310 is known 
chromia-
temperature strength compared to 310 still offering good resistance to thermal fatigue and cyclic heating. 
Alloy 310 is widely used where sulphur dioxide gas is encountered at elevated temperatures [19]. 
Additionally a martensitic alloy T92 and a nickel-base grade 617 were selected for fireside corrosion 
tests.  

Table 1. Composition of the tested alloys. 

Alloy Unit Cr Ni Fe Other 

617 %-m. 22,0 Bal. (54,7) 1,1 C (0,006), Si (0,09),   Mn, P, S, Mo, Co, Al, Pb 
310S %-m. 25,3 19,1 Bal.  C (0,046), Si (0,059), Mn, P, S, Co, Cu, N, Nb 

253MA %-m. 21,0 11,1 Bal.  C (0,086), Si (1,6),     Mn, P, S, Co, Cu, N, Nb, Ce 

153MA %-m. 18,5 9,2 Bal. C (0,053), Si (1,16),   Mn, P, S, Co, Cu, N, Nb, Ce 

304L %-m. 18,2 8,2 Bal. C (0,022), Si (0,4),     Mn, P, S, N 

T92 %-m. 8,8 0,2 Bal.  C (0,1),     Si (0,24),   Mn, P, S, Mo, V, B, N, W, Cb 
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2.2. Tests at FoSperSS

The combustion tests were performed in FoSper, 3 MWth combustion test rig of Enel located in Italy.
The facility was kept in operation for about 50 hours at approximately 1,8 MWth and 61% dry recycle 
rate. A sulfur rich bituminous coal from Palma Rejo was selected for the tests (see Table 2 and Table 3). 

The gas atmosphere composition and temperature together with heat flux and fly ashes were analyzed 
carefully in order to describe the exposure conditions in a very detailed way. The temperature and gas
composition profile was measured in port no. 10 and 14 (see Fig.1). The temperature was measured with
the IFRF standard suction pyrometer. The gas composition was double proved with a gas analyzer and an
FTIR. 

Table 2. Sulfur rich  bituminous coal composition Table 3. Sulfur rich  bituminous coal: main elements in ash

Unit Concentration

Immediate analysis

Moisture 105°C %-m., an 1,8

Volatile Matters %-m., waf 42,0

Ash %-m., wf 8,1

Fixed carbon %-m., waf 58,0

Elementary analysis

C %-m., waf 84,00

H %-m., waf 5,66

N %-m., waf 1,41

S %-m., waf 1,52

Cl ppm, waf 303

F ppm, waf 47

Heating values

HCV J/g 30996

LCV J/g 29855

Unit Concentration

Al2O3 %-m. 18,18

CaO %-m. 7,23

Fe2O3 %-m. 8,50

K2KK O %-m. 1,50

MgO %-m. 4,50

MnO2 %-m. 0,13

Na2O %-m. 0,49

P2O5 %-m. 0,12

SiO2 %-m. 51,74

TiO2 %-m. 0,81

Fig.1. FoSper furnace drawing with the indications of the openings. Two corrosion probes wereff inserted in Port n°11 and Port n° 13.
Temperature and gas composition were measured in Port 10 and 14.
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Two corrosion probes were inserted inside the furnace, in windows no. 13 and 11 (see Fig.1 and Fig. 
2). The dedicated samples temperatures were at approximately 580°C and 650°C in order to simulate the 
conditions for a supercritical and ultra-supercritical power plant in the super-heater and re-heater section 
of the combustion chamber. 

After the successful exposure of the material rings with the corrosion probe of the University of 
Stuttgart, fireside corrosion was studied on every second ring directly in the laboratories of Enel and the 
remaining rings were carefully transported for further long-term corrosion tests to the laboratories of IFK. 

 
 

 
 

 
 

 
 

Fig. 2. Corrosion probes of IFK before (on the left) and after (on the right) the exposure in the combustion chamber of FoSper test 
rig of Enel in November 2011 during the tests with sulphur-rich coal. 

2.3. Laboratory tests 

The strategy of IFK is to expose materials in a real combustor like FoSper facility until the first oxide 
scale and an initial fly ash deposition layer are formed. The rings are further moved to the laboratory 
corrosion test set-up of IFK for the long term corrosion tests (up to 1000 h).  

The corrosion test set-up consists of electrically heated furnaces supplied with a gas blend which can 
be composed of water vapor, CO2, O2, SO2 and N2 and adjusted easily according to the needs of the given 
experiment [20]. The dedicated samples temperatures correspond to samples temperatures as exposed in 
the combustion chamber of FoSper at 580°C and 650°C. The gas blend (Table 4) was adjusted in order to 
enable a comparison of the current studies with similar ones performed with sulfur-lean bituminous coal 
deposits [21]. 

Table 4. Gas compositions for the long term high temperature corrosion tests  

 Temperature 

[°C] 

O2  

[%-vol.] 

CO2  

[%-vol.] 

H2O  

[%-vol.] 

SO2  

[%-vol.] 

Series 1 580°C 3 86 11 0.3 

Series 2 650°C 3 86 11 0.3 
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2.4. Analytics 

After the exposure tests samples were cooled and subsequently carefully embedded in a resin. 
Following grinding and polishing of the samples surfaces, the analyses were performed. Standard 
reflected light microscopy techniques were applied for the first characterization. For more detailed 
investigation of the reaction processes, electron microscopy techniques were applied. The two-
dimensional distribution of chemical elements was investigated [20] [22]. In certain cases part of the 
deposit was removed without affecting the analyzed metal surface and further ICP and XRD analyses 
were performed whenever possible [17]. 

 
 

3. Results and discussion 

3.1. Combustion atmosphere 

The average gas composition was as follows: 64,2%-vol. CO2, 3,7%-vol. O2, 20,3%-vol. N2 and 
11,8%-vol. H2O. Even though the plant was kept in operation at stable conditions during the whole 
period, the temperature and gas composition inside the furnace was measured daily in the both windows 
(10 and 14). Only slight differences were observed in the temperature and gas composition during the 
three days of operation. The temperature profile was quite flat in both windows due to the distance from 
the burner; in window n°10 the average temperature was always about 100°C higher than the average 
temperature in window n°14 (see Error! Reference source not found.). This behavior is expected 
because the furnace is cooled and, at the distance of port n°10, the great part of the combustion heat is 
already released, therefore, starting from that point, the temperature of the flue gas started to decrease. 
Nevertheless the oxidation is still proceeding as demonstrated by the concentration of carbon monoxide 
that is ten times greater in port n°10 compared to the values in port n°14. At the same time CO2 and H2O 
concentrations are higher at the end of the furnace than in port n°10 and opposite happens to the oxygen 
concentration. In Error! Reference source not found. the SO2 profile measured during the second day of 
operation is shown. In order to demonstrate the accuracy of the performed SO2 measurements two 
analytical instruments were used simultaneously: NDIR and FTIR. One important result of the performed 
measurements is the very good agreement between SO2-concentrations obtained by the both analyzers. 
The medium values of the other chemical compounds are shown in Table 5 and Table 6. 
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Fig. 3. Temperature profile in ports 10 and 14 during the second day of 
operation 

Fig. 4. Sulfur dioxide concentration, dry in Port 10 and 14 during 
the second day of operation and with two parallel analyzers 

 

Table 5. Temperature and gas composition in port 10; average values during the 3-day-operation 

Temp 

 [°C] 

O2 

[%-vol.] 

CO2 

[%-vol.] 

H2O 

 [% vol.] 

CO 

[vppm] 

NO 

 [vppm] 

SO2 

[vppm] 

N2 

[%-vol.] (by difference) 

1119 9,2 61,6 10,8 844 232 2896 18 

 

Table 6. Temperature and gas composition in port 14; average values during the 3-day-operation 

Temp 

 [°C] 

O2 

[%-vol.] 

CO2 

[%-vol.] 

H2O 

 [% vol.] 

CO 

[vppm] 

NO 

 [vppm] 

SO2 

[vppm] 

N2 

[%-vol.] (by difference) 

969 6 63,5 11,9 83 201 3096 18,2 
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3.2. Deposit 

The primary deposit layer collected from the rings exposed in combustion test rig reveals much higher 
sulphur contents compared to other collected fly ashes (Fig. 5). Although the earth alkali content is low, 
calcium magnesium sulphate is often detected on the cooled surfaces. Similar is encountered during the 
tests with sulphur-lean bituminous coal [23] and lignite [24]. 

 

 

Fig. 5. Composition of fly ashes and fly ash deposits collected during combustion tests with S-rich bituminous coal at FoSper. 

During the laboratory exposures new fly ash layer was added after the first 350 h and repeated every 
200 h in order to simulate deposition of fresh fly ash on heat exchangers within boiler. The analysis of fly 
ash deposit performed after the laboratory tests had been completed, reveals enrichment with sulfur over 
time by more than factor four, what indicates the sulphur-binding capacity of fly ash and thus its partly 
protective role in sulfur-induced fireside corrosion. 

 

3.3. Fireside corrosion 

Significant during fireside corrosion tests in terms of material is not only its composition but also 
surface quality. In the presented study original tube surfaces of all the six examined materials were used. 
Important to add is the fact that the four iron-base austenites were longitudinally welded tubes provided 
by Outokumpu .  

The formed oxide scales vary widely in character among the studied materials and approaches already 
after 50 h from nanometers-range in case of a nickel-base alloy up to few micrometers in case of a 
martensitic alloy. After 950 h more, chromium-rich oxides reach up to 5 m at nickel superalloy and 
more than double as much on T92 at 580°C and on lower chromium austenites at 650°C.  

The martensitic alloy T92, exposed only at 580°C, shows much bigger oxide scale than the tested 
austenites. Already after 50 h of testing in the test rig 10 m chromium rich internal oxide is observed and 
ca. 20 m external oxide growing into fly ash is witnessed. After 1000 h exposure (see Fig. 6) the values 
reach ca. 15 m and 22 m, respectively. Additionally a mixed chromium iron oxide (ca. 25 m) 

 

 Longitudinally welded tubes provide a cost-efficient alternative to the seamless tubes traditionally used in for e.g. superheaters 
in power generation. If NDT is performed according to EN 10217-7 then this allows a design strength utilisation of 100% and a 
weld factor Z = 1.0 for pressure calculation under EN 13480-3. This means that the welded tube is considered to have the same 
strength as a seamless tube for design purposes. Sources: Dr. Rachel Pettersson, Outokumpu and Elin M. Westin, David Garrett, 
Asko Kähönen, Hans Storbacka and Sören Nytomt: Welded stainless steel tubes & pipes vs. seamless. Paper presented at INOX 
2010, Brazil 
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sandwiched between internal oxide and hematite layer is observed, however presence of chromite is not 
confirmed with point analyses. 

Generally with increasing chromium content of the alloy, also a better metal performance is expected 
[17] [25] [26]. However in this study not only the chromium content seems to be playing an important 
role in metal loss. Although at 580°C metal temperature similar material loss has been observed among 
tested austenites (7-10 m), with increasing temperature (650°C metal temperature) differences in 
corrosion rate among tested austenitic grades become more obvious and are in the range 10  25 m.  

Alloy 153MA characterized by much lower chromium content than grade 310S (18,5% vs. 25,3%) 
displays a slightly better corrosion rate. The character and morphology of corrosion products vary 
significantly between the two grades (see  

 

Fig. 9. Total maximum corrosion product [ m] concerning the form after exposures with Palma Rejo fly ash at 580°C after 1000h. 

 

Fig. 10. Total maximum corrosion product [ m] concerning the form after exposures with Palma Rejo fly ash at 650°C after 1000h. 

 

). Alloy 304L though having a chromium content very similar to that of alloy 153MA (18,2% vs. 
18,5%), displays higher corrosion rates (up to ca. 26 m after 1000 h at 650°C). The best performance at 
the studied conditions is revealed by alloy 253MA (21% Cr) with metal loss at ca. 10 m after 1000 h at 
650°C, which is also characterized by a lower chromium content than grade 310S (25,3%). A deeper 
corrosion attack is noticed on alloy 310S due to the presence of pits along the whole surface that appear to 
grow with time indicating a possibility of intergranular corrosion. These pits might be the effect of 
pickling which the alloy underwent during the pre-processing.  Whereas alloy 310S displays thin regular 
pits, alloy 253MA shows broad pits leading to a through shaped corrosion front.  

Alloy 153MA showing a very irregular corrosion front performs slightly better than 304L also 
characterized by an irregular corrosion front (Fig. 8). Grade 153MA, similarly as 253MA, is alloyed with 
higher silicon content compared with other tested materials. As mentioned before with increased silicon 
content steel manufacturer wanted to provide the alloys with higher corrosion resistance at elevated 
temperatures.  Interesting is the buckling effect of oxide scale leading to its spallation on alloy 304L at 
580°C however not observed at 650°C.  

Oxidation, as expected, increases with temperature, however none of the tested alloys manages to 
develop a continuous compact chromia scale within 1000 h although strings of chromia are often noticed 
along the surfaces of austenites. 
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Fig. 6. T92, 580°C after 50 h
exposure in Fosper and further 950
h in corrosion test set-up at IFK

Fig. 7. 304L 580°C after 50 h exposure in
Fosper and further 950 h in corrosion test
set-up at IFK

Fig. 8. 304L 650°C after 50 h exposure 
in Fosper and further 950 h in corrosion
test set-up at IFK

At 580°C on two of the alloys (T92 and 304L) whiskers are detected (Fig. 6 and Fig. 7). Formation 
and volatilization of Fe(OH)2 might account to accelerated oxidation rates of steels in the presence of 
water vapor [27]. Moreover after Astermann [28] H2O vapor containing atmospheres have a detrimental
effect at T>600°C in austenitic steels due to Cr-evaporationa .

Tested nickel superalloy developes quickly a protective chromia layer similar at both temperatures. m
Also independently of the temperature an intergranular oxidation accompanied by aluminum oxide is 
noticed going as far as 22 m at 580°C and 26 m at 650°C. At certain areas aluminum seems to diffuse 
outwards leaving a depletion zone behind. Locally sulfur presence was noticed in reaction with Cr2O3.

A detailed information on distribution of the oxides is presented in 

Fig. 9. Total maximum corrosion product [ m] concerning the form after exposures with Palma Rejo fly ash at 580°C after 1000h.

Fig. 10. Total maximum corrosion product [ m] concerning the form after exposures with Palma Rejo fly ash at 650°C after 1000h.

und Fig. 10.

202020 mmm
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Fig. 9. Total maximum corrosion product [ m] concerning the form after exposures with Palma Rejo fly ash at 580°C after 1000h. 

 

Fig. 10. Total maximum corrosion product [ m] concerning the form after exposures with Palma Rejo fly ash at 650°C after 1000h. 

 

4. Conclusions 

Within the first 50 h in the boiler of the FoSper test rig a uniform layer of fine adhesive fly ash 
particles builds the initial deposition layer during combustion of Palma Rejo bituminous coal. The fly 
ashes building the initial deposition layer tend to bind sulphur more effectively than any other collected 
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fly ashes. Henceforth, especially in case of higher SO2 concentrations in oxy-fuel this effect might pose a 
significant threat in case of sulphur rich coals with high potassium and sodium contents. The fly ashes 
creating the initial deposition layer contain approximately three times more sulphur than corresponding 
secondary layers, what confirms earlier observations of IFK during the combustion tests with different 
lignite qualities.  

In terms of fireside corrosion the critical issue is the stability of newly-formed minerals binding 
sulphur and their tendency to form eutectics at temperatures similar to tubes temperature, therefore 
studies on mineral composition are run simultaneously with the examinations on corrosion products. In 
here performed study fly ashes did not exhibit any corrosive influence; on the contrary they seem to act as 
sulfur sink  while capturing sulfur via earth alkalis. 

As expected, higher corrosion rates are measured at higher temperature. Austenitic alloys witness a 
metal loss in the range 7  10 m at 580°C metal temperature and perform much better than martensitic 
steel revealing corrosion rate in the range 30  40 m after 1000 h at the same temperature. With 
increasing temperature (650°C metal temperature) differences in metal loss among the examined 
austenitic grades become more obvious and are in the range 10  25 m.  

Observing the behavior of austenitic alloys 304L, 153MA, 253MA and 310S a direct relation between 
chromium content and corrosion performance cannot be made. Grades 253MA (22,1% Cr) and 153MA 
(18,5% Cr) show the lowest metal loss with ca. 10 m and 15 m after 1000 h at 650°C, respectively and 
are followed by 310S (25,3% Cr) displaying a metal loss of ca. 20 m at the same conditions. The 
corrosion morphologies vary significantly. T92 witnesses internal corrosion increasing with time, whereas 
alloy 304L displays some buckling and spalling at lower exposure temperature. Both alloys form a thick 
mixed oxide layer at 580°C (304L up to 18 m and T92 up to 25 m). Occasionally whiskers are noticed 
at 580°C at T92 and at 304L. Their effect on long-term performance of alloy should be a topic of further 
studies. Nickel superalloy oxidizes slowly showing barely any signs of corrosion attack at the surface, 
however occasionally intergranular oxidation accompanied by aluminum oxide reaching up to ca. 30 m 
is noticed.  
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