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Background ; BAM

A number of flue gases contain Sulfur. Sulfur is known for its potential to
enhance the corrosion kinetics. If melts can be formed with other phases
hot corrosion can happen. Sulfur diffuses into the alloy microstructure.
All can be observed in parallel.

We discussing here Fe-alloys including less than 14 % Cr by mass and

focus on the time at high temperature!
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Working conditions of water/stream 2 BAM
tubes and water walls

Example: Simple tube with inner pressure

Gas diffusion ]
Educt towards steel gﬂ‘gpﬁﬁgnﬂlt&
Products into gas phase ! Superheater

or reheater tube

Oxyfuel-Steam  _o¢algas

ash/slag/Metall
Dual conditions  aquilibrim

Steam Oxidationﬁ

Ash layer on oxide layer
and

none or limited

free flue gas contact
pressure

 Gas corrosion
m=2,n=3:M* c{Fe,Cr,.}

m=1,n=1:M* c{Fe Mn,Ca,.}

m=2,n=1:M*c{Na,..}
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DROXISIM - High pressure test simulation ; BAM

Designed for testing of tubes

= Media:

A: gas mixtures (SO,, CO,, H,0, O,,
N,, CQO, ...) with up to 5 components
B: Pressure(air, N5, CO,, H,O
(steam))

= pressure: 1 bar — 320 bar

= Temperaturr: RT - 800 °C

orrosion lab view

preheater (450 °C)

Reactor e @

Details of the reactor
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Our experiments ; BAM
Coupon test according ISO-Standard 21608:2012

- TC156-1SO
SO 73801986 General requirements
= 1SO 7539-6:2011 Stress Corrosion testing —
) precracked specimen
=[SO 9225:2012 Corrosivity of atmospheres
ISO 13573:2012 Thermal cycling corrosion
ISO 14802:2012 Guidelines for applying statistics to
analysis of corrosion data
ISO 17224 application of deposits...
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< BAM
Dual-Gas Coupon Experiment

Gas

T| T Thermoelement Typ K.
5 Nickel-Chrome/ Nickel-
) ‘ L Aluminium
_=‘7 Probe
Titan —— ]\ ‘ l
G_gsinjektions— i Aluminumoxid
duse 1.4571 |1 T (ALO,) Keramik.
Gas
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Experimental Parameter ; BAM

All experiments demonstrated here were performed under the conditions below

550 °C (823 K) = T < 650 °C (923 K)

Heating and cooling in flowing Ar

(ISO 21608 test conditions flue gas T = 300 °C and Ar T < 300 °C)

Heating rate typical 10 K/min - in case of infrared heating around 100 K /min.

Ambient pressure

Gas:
I. Arplus (0.0025 - 0.01 ) SO, fraction of mol
II. (0.6 -0.7) CO, - (0.20 - 0.25) H,O - 0.02 O, - 0.01 SO, + N, fraction of mol
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Local elliptic nodules ; BAM

Steel > 0.09 Cr mass fraction

T = 550 °C
99,5 Ar + SO,
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Corrosion in Ar/SO, ; BAM

Steel < 0.02 Cr mass fraction

T = 550 °C
99,5 Ar + SO,

200 1m 1
|_1 200 pm |
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Oxyfuel flue gas (2000 h) < BAM

Ash coating

20 ym



REM EBSD S BAM

12 % Cr steel, 610 "C/1000 h, Oxyfuel

. -

Ferrite
Hernatite
Magnetite
W Wi stite
ﬁ::iagp ::::IS ?ﬂgsgiZe: 5122381 - . Trailite

Low amount of Wuestite
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Formation of Fe-S phases!

< BAM

FeCr,S,, and

amorphous
- e=8=Cr -

“ phases.
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2 BAM

Some observations (analytical STEM, grazing incidence x-ray)

Scale starts to grow
Only under ISO 21608 standard

Metalloxide, no sulfur detectable! test conditions Sulfates become visible.
A volume fraction near \
the interface is amorphous

Epitactical zone

FeS, , Fe
(Fe,Cr)S, Inner zone
Internal zone
FeS,
(Fe,Cr)S,
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< BAM

Shift with lower heating rate.

' o o _ Industrial
In kinetic|experiments desulphurization
Sulfate with h_eat ng rates | of iron ores. /5/
decomposition 5 K/n.ﬂn.w the c.IecomposH.:on > 200 tons/day
Starting was finished in some minutes.
>
510 °C - 560 °C 700 °C 800 °C - 900 °C
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Literature data indicate Fe-Sulfate instability ; BAM

Fe,(S0,); -> FeSO, -> Fe;O, + SO,
450 °C 750 °C

Wet oxygen, Start T > 530 °C: 4FeSO, -> Fe,O (S04),- a-Fe203 + 250, /1/
Wet Oxygen: T > 600 °C: Fe,O (S04), -> a-Fe203 + 250, + 2 0O,
In dry air the reaction at 210 °C.

Dry Nitrogen: Decomposition of Fe2(S04)3 starts at 553 °C /2/
Air, heating rate 2K/min: The decomposition of Fe,(S0,)5 starts at 507 °C /3/
Flowing dry Nitrogen: The decomposition of FeSO, starts at 537 °C /4/

For TG experiments it was shown, that the oberved decompositon temperature
is lower as lower the heating rate.
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< BAM

Equilibrium calculations ?
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2 BAM

T > 570 we expect after cooling

}Feo (depending on cooling rate)

Fe;0,
FeCr,0,
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log,,(P(0,)) (bar)

Stability diagramm Fe-S,-0, < BAM

Fe-O-S, 550 C Fe-0-S,800C
thtSage’"
_1 E T T T T T T T T T T T T T T T T T T ™3 _1 i T L] T L) I Lhhhihdid | T T T T T
2 2F
3 3E
-4 -4
-5 -5
6 -6
7 Fey(SO.)(s) TE Fe,04(s)
-8 8 F
ok E
10 E T
11 E E
12 E
13 E
E Fe;0,(s,)
15 E
16 E
ol FeS(s,)
18 E eS(s,
Iy Fe,04(s FeSus) § . FeO(s)
;g ; i I i I i i i 13 4(1 ) i i i I i = D\I ! I .;g TR 1 Loy Ene.(.s.).u IPPTPR FRTETIT TPPIPPR I 1 l Lossusaalisiiaial TPPTTT IV I Lesiails
-20 19 -18 -17 16 15 14 13 12 -1 10 ¢ 8 -7 6 5 4 -3 -2 -1 -20 -19 -18 -17 -16 15 -14 -13 12 11 10 9 -8 -7 6 -5 -4 -3 -2 A1
log,,(P(S,) (bar) logi (P(S,)) (bar)

Ftdemo and FactPS both possible.
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Sulfate Phases excluded

log,(P(S,)) (bar)

GTT workshop 2017

Fe-O-S, 600 C
0 ——————— —
FeS,(s) -
5L
[ FeS(s,)
; Fe,Ox(s)
10 F
-15 |
I Fe,04(s,)
Fe{s)
-20 H
Fa[d(s)
-25 100 1 1
-25 -20 -15 -10
log,,(P(0,)) (bar)

- stability of Iron sulfates

< BAM

.%AII this phases
|where present after

{the experiments mentioned

{before.
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Phase diagramm module (FactPS)
Idea: SO, can cross the scale — contact with

alloy.

T(©)

Fe -Cr-SO, - Ar
P(Ar) = 0.99 bar, Fe/(Fe+Cr) (mol/mol) =0.98, 1 bar &ctsa‘gem

800 T T
J‘WS(SS)

S
700 Spinel + FeS(s3)

600

500

400 |

M,O,(corundum) + FeS}

soppinel + FeSts2y—
200 | Spi eS, + FeSp,
Cr,(S eS, + FeSp,
100 . . . 8(s2)+ Cn (S‘.Pz:,r{ e
-10 -9 -8 7 5 5 -4 3 2

log,, p(SO,)/bar
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The observed phase
Fe,Sg was not calculated.
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Fe,S; becomes present if S, is considered.

T(K)

1073

1023

973

923

873 1

823

773

723

673

Fe - Cr - Sz = 02
p(0,) = 107> bar, Fe/(Fe+Cr) (mol/mol) =0.98, 1 bar G’actSage"

FeCr,0, + Fe FeS(s3) + FeCr,S, ]
FeS(s Cr,0,
F FeCr,0, ¥ FeU \
FeCr,0, + FeS(s3)
FeCr,0, + Fe,0,(s2)
eCr,0, + FeS(83)
Fe,O, + FeCr,0O,

-20 -18 -16 -14 -12 -10 -8 -6 -4 -2

log,, p(S,)/bar
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Sulfide formation in the inner oxidation zone. ; BAM

Reactions between Fe-oxides and SO,
‘_A;’M:i:Sagew

TE4
7 Fe,0, + S0, =FeS + 10 Fe,0,
2E4 F E . .
Wuestite will be consumed
3E4 E by SOZ
5
(L)
o -8E4 |
o
[m]
13E5E 7 FeO+SOZ= FeS+3FeZO 3
-1.8E5 F
10 FeO + SO,= FeS + 3 Fe.O,
-2.3E5 n i . .
550 570 590 610 630 650

T(C)
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Iron oxides reacting with S, (g)

< BAM

Iron Oxides in S, gas at high temperatures

0.4 Fe304(T,s1) + S2(T,g) = 1.2 FeS(T,s1) + 0.8 SOZ(T,g,‘}hctSagEW
-30000
Fe;0;+5;->FeS+ 380,
Fe,07+5;>FeS+S6,
-40000 ]
5
o
[~]
0000 .
[}
-60000
Fe + 50,
-70000 . . . . . . .
550 570 590 610 630 650 670 690
T(C)
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Comparison ; BAM

If SO, can be transported in the inner oxide scale Sulfate should

be observable in our experiments.
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Classical idea of SO, decomposition below ; BAM
pO, < 10-14 bar, SO, can not be transported in
the gas phase.

1073

973 Fe,04(s2)

873
Q gas_real + FeS,
&= Fe,0,

773

673 gas_real + FeS,

2S. + Fesqdas_real + FeS,
573 . i : .
-10 -8 -6 -4 2 0

log,, p(S,)/bar
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Model - SO, decompostion -> 02-and S,

1073

1023 1

973 1
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Feo - Sz - 02
p(0,) = 107 bar, 1 bar

Fe

FeO

Fe,0,(s2)

Fe,O,

-14 -12
log,, p(S,)/bar

< BAM

All phases
observed in the
interphase region
between epitactic
and inner oxidation.

In the inner oxidation
zone oberserved
phases were

Fe304, FeS, ,

0.7 <x < 0.8

27



FeO in contact with S,(g) ; BAM

G’actSage“

FeS(s3) + Fe,0,(s2)

1073 ——————————

1023

973

923 FeS(s3) + Fe,0,(42)

T(K)

873

T

FeS(s3) + Fe/O,(¢

823
| Fe;0,+Fe

773

723 Fe,O, + FeS(s3)

673 L . . L .
20 -18  -16 14 12 -10 -8
log,, p(S,)/bar
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Considering the experiments and the ; BAM
calculations

- The entrance remark is black versus white and is not useful

- The calculations were helpful and indicate rather the reaction with S, then
the reaction with SO..

- Calculated phase diagrams can very frequently support the understanding
of the possible corrosion mechanisms.

- In case of metal sulfate phases the decomposition should better included in

corrosion mechanism discussion.
- Observation of sulfates indicate direkt contact to gases like SO, or O,.
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