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Introduction-Fire side Corrosion

Material Atmosphere Deposit 

 Type (Ferritic, Martensitic, 
Austenitic) 

 Base Material (Fe, Ni)
 Service Temperature
 Alloying element 

 Composition of ash
 Condensable corrosive species (e.g. 

Alkali salts in ash ) 

 Composition flue gas 
(CO2, O2, H2O, SO2 ... )

 Temperature of flue gas 
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Introduction-Fire side Corrosion

Material Atmosphere Deposit 

 Type (Ferritic, Martensitic, 
Austenitic) 

 Base Material (Fe, Ni)
 Service Temperature
 Alloying element 

 Composition of ash
 Condensable corrosive species (e.g. 

Alkali salts in ash ) 

 Composition flue gas 
(CO2, O2, H2O, SO2 ... )

 Temperature of flue gas 

Combined influence of deposit and exposure 
atmosphere on material 
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IFK involvement in Oxy-Corrosion/Deposit

IFK-Key research partner

Lab Technical Pilot Demo
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IFK involvement in Oxy-Corrosion/Deposit

Corrosion Oven

Corrosion probe

Corrosion probe inside test rig 
during combustion test

Sample with synthetic deposit

Sample with fly ash

Sample pre-exposed in test rig 6



Results and Discussion

1. Air vs. Oxy with synthetic deposit ( Corrosion oven) 

2. Air vs. Oxy with real deposit (same coal)- fly ash collected 

during combustion test  (Corrosion Oven)

3. Corrosion results from Oxy-PP test ( Pilot Plant)
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Air vs. Oxy with synthetic deposit ( Corrosion oven) 

Deposits: NaCl, Na2SO4, KCl, K2SO4, CaO, CaCO3, CaSO4, FeS2

Temperature: 650°C 
Material: Alloy 310 (25% chromium)
Exposure time:350 h

Exposure atmosphere

Component Air Oxy

N2 Rest
CO2 16 Rest Rest
O2 4.5 4.5 4.5

SO2 0.5 -- 1.5
H2O 7 18 18
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Alloy 310 under NaCl (650°C, 350h) 

Oxy-No SO2 Air-0.5% SO2 Oxy-1.5% SO2

20µm 20µm
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Alloy 310 under NaCl (650°C, 350h) 

Oxy-No SO2 Air-0.5% SO2 Oxy-1.5% SO2

High level of SO2 shifts the corrosion mechanism
active oxidation to sulfidation in significantly high pSO2

Active oxidation: Cr depletion, Porous oxide scale

20µm 20µm
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Loss of chromium (from alloy substrate) and development of porous scale explained by active oxidation
1st : NaCl  release chlorine

2NaCl + xM (Cr/Fe) + 2H2O + 1,5O2 → Na2MxO4 + HCl (∆G < 0, 650°C )

NaCl (s)+0.5SO2+0.5 H2O+0.25O2 → 0.5Na2SO4+ HCl (∆G < 0, 650°C )

2nd: Release HCl directly or as Cl2 react with alloy metals

2HCl  + 0,5O2 → Cl2 + H2O

(Cr,Fe,Ni) + Cl2 →  (Cr,Fe,Ni)-chlorides

(∆G < 0, 650°C : CrCl3<CrCl2<FeCl2<FeCl3<NiCl2)  

3rd: Metal chlorides migrates outwards and oxidized to releasing 

chlorine and repeats the 2nd step

(Cr,Fe)-chlorides + O2 → (Cr,Fe)-oxides + Cl2

Mechanism of chlorine corrosion 

Chromium depletion along the 
grain boundary

Element map-Cr

Chromium depletion due to 
active oxidation

Internal attack: 

Cr23C6+23Cl2+3O2 → 23CrCl2
+ 6 CO (∆G < 0, 650°C) 11



Alloy 310 under NaCl (Air vs. Oxy)

Air-0.5% SO2 Oxy-1.5% SO2

Influence of higher SO2 in combination with alkali chloride 12



Sulfation of deposit 
NaCl (s)+0.5SO2+0.5 H2O+0.25O2 → 0.5Na2SO4+ HCl (∆G < 0, 650°C )
Possibility of eutectic formation.

Mechanism  Na2SO4 corrosion 

3Na2SO4 + 3SO2 + Fe2O3→ 2Na2Fe(SO4)3

2Na2Fe(SO4)3 + 19Fe→ 6Fe3O4 + 3FeS + Na2S
Na2S + 2O2→ Na2SO4

3FeS + 5O2→ Fe3O4 + 3SO2

Cr present with O and S (inner side of oxide)
Ni as a middle layer with S

Fe-O layer (outer side of oxide)
No indication of Cl in alloy substrate or in oxide scale
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Alloy 310 under Na2SO4 (650°C, 350h) 

Air-0.5% SO2 Oxy-1.5% SO2
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Alloy 310 under Na2SO4 (650°C, 350h) 

Air-0.5% SO2 Oxy-1.5% SO2

10µm
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Alloy 310 under Na2SO4 (650°C, 350h) 

Air-0.5% SO2 Oxy-1.5% SO2

10µm

Lack of continues/proper Oxide scale during Oxy-Case is basically related to 

higher H2O in exposure atmosphere

For both case-influence of Na2SO4 is fundamentally same

Role of pSO2 in sulphur ingression (inhibits or accelerates sulphur ingression ??)

Comparing with NaCl vs Na2SO4 and Oxy-high SO2 case-difference observed 

basically in Cr-O scale (H2O influence)-movement of SO2-related to salt
16
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10µm
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Comparing with NaCl vs Na2SO4 and Oxy-high SO2 case-difference observed 

basically in Cr-O scale (H2O influence)-movement of SO2-related to salt
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Summary-Synthetic deposit

 Exposure test results shows pH2O has more significant influence than pSO2 in oxide 

scale development

 Sulfur capturing species (CaCO3)  act as sulphur sink and prevent sulfur ingression into 

the metal.

 Stable sulfates (CaSO4) do not posse risk of sulphur ingression into the metal. 

 Alkali sulfates (Na2SO4, K2SO4) shows significant influence on oxide scale development 

and sulphur ingression to the metal. 

 Alkali chlorides induce catastrophic corrosion, loss of protective chromium from the 

metal substrate. At higher pSO2 chromium loss reduced.

 Expect for FeS2 and NaCl, for most samples pH2O seems to more influential regarding 

development of oxide scale. 

 Sulphate deposit seems more detrimental than pSO2 regarding sulphur ingression in 

metal substrate/oxide layer. 
18



Influencing factors-synthetic deposit- exposure test 

 Stability of chosen salt (+melting point)

 Possibility of eutectic formation (with in deposit or with material) 

 Interaction of chosen salt with exposure atmosphere

 Interaction of chosen salt with material

 Type of material

Exposure test with individual synthetic deposit is helpful to understand
individual mechanism related to specific salt

19



Air vs. Oxy with real deposit (Corrosion Oven)- Fly 
ash collected during combustion test (same coal)

Fly ash composition
Air Oxy

Moisture (raw) 0.35 0.2
Ash oxides (815°C) [ma.%] [ma.%]
SiO2 47.8 45.1
Al2O3 24.2 25.1
CaO 7.58 6.27
MgO 3.03 1.87
K2O 1.21 1.22
Na2O 0.492 0.312
Fe2O3 8.52 5.82
P2O5 0.843 1.15
TiO2 1.25 1.49
SO3 1.13 4.48

Exposure Atmosphere

Component Air Oxy

N2 Rest
CO2 16 Rest
O2 4.5 4.5

SO2 0.5 1.5
H2O 7 18

Austenitic steels
304 (18% Cr) & 310 (25%-Cr)
Exposure time: up to 1000h
Temperature : 650°C 
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A
ir

O
xy

24 h 350 h 1000 h

Alloy 310 under coal fly ash (650°C, 350h) 

Diana Macela Florez Cortes (2011) Influence of conventional and oxy-fuel combustion on the boiler heat exchanger surfaces. Master Thesis, IFK

20µm 20µm 20µm

20µm 20µm 20µm
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A
ir

O
xy

24 h 350 h 1000 h

Alloy 310 under coal fly ash (650°C, 350h) 

Diana Macela Florez Cortes (2011) Influence of conventional and oxy-fuel combustion on the boiler heat exchanger surfaces. Master Thesis, IFK

20µm 20µm 20µm

20µm 20µm 20µm

Longer exposure duration development of duplex oxide scale during air case but 
not during oxy-case
Sulphur ingression into the metal-not detrimental for 310 (25% Cr) but evident in 
304 (18% Cr)
From exposure atmosphere H2O appears to be most influential (more than pSO2) 
regarding oxide growth
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Corrosion measurement-depth of attack

A
lloy 310

A
lloy 304

Air Oxy
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Influencing factor-Coal fly ash-Exposure-Test

 Composition of fly ash

 Type/amount of corrosive salt and/or protective sulphur 

capturing components in ash

 Type of material
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Comparatively, air firing case higher corrosion rate 

Lower corrosion rate  during Oxy-case has to do with higher pH2O (experience 

from IFK and FZJ)-evaporation of oxide scale (more dominant in chromia 

forming alloys)

Alloy with higher Cr-content performs better regarding sulphur-corrosion 

Corrosiveness of fly ash is related to the coal ash composition 

Fundamentally, similar corrosion risk for the same coal 

Summary- Coal fly ash 
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Corrosion results from Oxy-PP test

Corrosion probe

1    2 3   
41   2   3 4  5  6 7   

8   9

Ebene 8 Ebene 8

Corrosion probe-exposed during oxy-fuel (Lignite coal) -super 
heater region-72 hrs
Martensitic/Ferritic (T92 and 13CrMo) further exposed at 550 
(Corrosion Oven)
Austenitic (347, 304, 310) and Ni-Base (617) further exposed 
at 650°C (Corrosion Oven)

Exposure atmosphere

O2 3 %-Vol.

CO2 68.7 %-Vol.

SO2 0.3 %-Vol.

H2O 28 %-Vol.

LUV

LEE

12 LUV

6 LEE

R
G
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T92, 550°C, 72h exposed in Oxy-PP-RG-750°C   

LUV LEE 
Different deposit in
Luv and Lee side
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T92, 550°C, 72h exposed in Oxy-PP-RG-750°C   

LUV LEE 
Different deposit in
Luv and Lee side
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T92, 550°C, 72h exposed in Oxy-PP-RG-750°C   

LUV LEE 

Difference in Luv and Lee side-Both deposit and oxide scale
Deposit
Luv side deposit spherical particles (Ca/Mg-Fe with Ca-S ring)
Lee side deposit more finer deposits (as Ca/K-S) 
Oxide Scale
No sulphur present in oxide-layer
Sulphur present in oxide layer 

Material sample was further exposed in corrosion oven (total 1006 h), the oxide scale 
and sulphur ingression (more in Lee side) to the metal increased with increasing 
exposure time 

Different deposit in
Luv and Lee side
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347
[Cr-18.2%]

304
[Cr-18.3%]

310 
[Cr-24.6%]

617 
[Cr-22%]

LU
V

LE
E

Difference in deposits between Luv and Lee
Lee side more finer deposit rich in sulphur

Oxide scale significantly bigger in Lee side for 304 alloy 

~10 µm ~30 µm ~5 µm ~4 µm

Austenitic and Nickel base alloys-re-exposed

~6 µm ~4 µm ~3 µm ~3 µm

650°C, 
1006 h
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Sulphur distribution (LUV vs. LEE)
LE

E
LU

V

347
[Cr-18.2%]

304
[Cr-18.3%]

310 
[Cr-24.6%]

617 
[Cr-22%]

Lower Cr steel shows some evidence of sulfidation
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Summary

Lack of continuous oxide scale in austenitic alloys probably 

related to higher H2O during oxy-fuel combustion. But no strong 

evidence of sulfidation (except Lee side 304 shows evidence of 

sulfur ingression)   

Differences in Luv and Lee side deposits due to different fly ash 

transport mechanism. 

Lee side shows more corrosive deposit in comparison to Luv 

side. Possibly due to condensation of sulfates (Ca/K-S) more on 

lee side.
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Implication of Oxy-Fuel concept in Fire Side 
Corrosion

 Air-to Oxy-fuel-High SO2 and H2O; beside N2 replaced by CO2.

 Regarding deposit-beside increased SO3 in ash (sulfates)- fundamentally

the deposition mechanism/ chemical composition are expected to be

similar to air-case.

 Fire-side corrosion impact of oxy fuel for austenitic steels (service

temp.:650°C) greater challenge from increased pH2O but still protective,

even under high pSO2 ( no sulfur ingression in oxide scale in absence of

deposit)

 Presence of sulfates (specially, alkali sulfates) facilities sulfur ingression

into the oxide scale (even in absence of pSO2, sulfur ingression has been

observed).
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Observations/Experience and Open question

 pH2O - significant role-oxide 

scale-Chromia formers

 Higher corrosion rate-air 

case- (measured oxide 

thickness)

 Sulfate deposit-influential 

than pSO2- sulphur 

ingression

 Chlorine induced ‘Active 

oxidation’ suppressed by 

pSO2

 pH2O ?: oxidation > evaporation

 pSO2 ?: to suppress chlorine

corrosion

 Mode of Sulphur transport ?:

molecular transport: pH2S, pS2,

pSO2, pSO3 or Ionic transport:

[SO4]-2, [S2O7]-2

 Representative fly ash ? for lab

exposure test (in relation to real

scenario)
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