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Abstract 

Corrosion of iron-base alloys at 982°C (1800°F) by coal char 

is observed and the phase morphologies discussed. No sulfidation was 

observed at 50 hours exposure. After 100 hours, internal aluminum-rich 

sulfides were observed along with thick outer scales of iron oxide. 

The species causing the high-temperature induced corrosion are probably 

sulfides and sulfates, present in most coal chars. Possible mechanisms 

for the corrosion are also discussed. 
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INTRODUCTION 

With the current energy crisis, increased attention has been 

focussed on coal as an abundant source of fossil fuel. A promising 

way to utilize coal is to convert it to synthetic natural gas (SNG) 

and petroleum-type products. There are problems in coal-gasification 

because at the reaction temperatures of 870 0 to 982°C (1600° to 1800°F) 

and pressures of up to 60 to 70 atmospheres. the reaction products 

become quite corrosive to containment materials. 

of 

The off-gas from a typical gasifier contains large percentages 

(1) 
CO, CO2 , H

2
, CH

4
• H

2
0. and HZS • These gases, particularly 

H S • can be quite corrosive. 
2 

To compound the problem. the particulate 

by-product of gasification is char, a light. friable material which 

contains (see Table 1) about 25-50% fixed carbon and the balance 

inorganic oxides, sulfides. and sulfates (including FeS and CaS0
4 

• 

respectively). (2) 

Considerable work is being done on gas-metal corrosion of alloys. (3-6) 

but very little has been done on corrosion of alloys by coal char. This 

work describes some preliminary screening experiments to observe the 

behavior of char on Fe-IOAl and Fe-IOAl-Cr alloys at coal-gasifier 

operating temperatures. 

This investigation is concerned with iron-base alloys that form 

external A1203 
scales. In alumina forming alloys the transition 

from internal to external Al20
3 

formation occurs around 7 wt.%. To 

be certain of forming an external Al203 scale, 10 wt.% Al was added 

to the alloys. 



EXPERIMENTAL 
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RESULTS 

All three alloys had suffered corrosion by char. Although there 

was no catastrophic corrosion up to 50 hours, the Fe-lOAI and 

Fe-10Al-5Cr alloys were catastrophically corroded at the end of the 

100 hour run. The -IOCr containing alloy suffered only very little 

external and internal corrosion. No sulfur was detected in any of 

the alloys after 24 or 50 hours exposure. 

Figure I shows cross sections of Fe-IOAl, Fe-10Al-5Cr, and 

Fe-lOAl-lOCr alloys after 24 hours exposure to char at 982°C. Scanning 

electron micrographs of the surface of the samples show formation of 

an uneven aluminum oxide layer with several thick protrusions. Cross

sectioning through these protrusions shows that they are primarily 

A1203 (Figure la,b). Both the Fe-10Al-5Cr and Fe-IOAI-lOCr alloys 

showed considerable A120
3 

penetration into the alloy (Figures lc,e). 

The formation of uneven Al20
3 

layers on the Fe-lOAl-lOCr alloy 

left behind chromium-enriched regions in the alloy near the scale-alloy 

interface (Figures l£,g). There was much less enrichment in the -5Cr 

system. All of the alloys exhibited uneven penetration as shown in 

Figures lc and e. 

After 50 hours exposure. the situation was much the same. The 

appearance of the three alloys was similar to that shown in Figure 1. 

The surface scale appeared rough and uneven. Penetration into the 

bulk of the alloy was not noticeably greater in any of the three 

systems as compared with 24 hours exposure. 

The situation changed dramatically after 100 hours exposure. 

Figure 2 shows electron micrographs of the surfaces of all three alloys 
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After the 100 hours tests, the coal char had taken on a red, 

powdery appearance, typical of Fe
2

0
3

. This implied that between 50 

and 100 hours of exposure, all the carbon had been oxidized and lost 

from the system. The Po subsequently had risen to the level present 
2 

-5 in the argon, about 6-10 ppm (about 10 atmospheres). This is sufficient 

to oxidize all the FeO and FeS in the char to Fe203 , 

DISCUSSION 

The partial pressure of oxygen over the char is about 10-5 to 10-
6 

atmosphere. At the char-alloy interface in these experiments, the 

-6 partial pressure of oxygen should be much lower than 10 atmosphere 

because of the reaction between carbon in the char and oxygen in the 

-19 argon. Thermodynamically, it should be below 10 atmosphere. After 

24 and 50 hours exposure, there was still sufficient carbon left to 

maintain this situation, but between 50 and 100 hours the carbon 

was completely oxidized, and the oxygen partial pressure permitted to 

rise to that level present in the argon. 

After both 24 hours and 50 hours exposure, only an uneven Al
Z
0

3 

layer was formed on any of the alloys. At the conditions presumed 

to exist at the char-alloy interface, A1 20
3 

is the only stable phase. 

The reasons for the uneven nature of this layer are not well understood. 

and it may be due to the differences in the availability and partial 

pressure of oxygen at the char-alloy interface. Between 50 and 100 

hours, extensive scaling appears on both the binary and the -5er 

alloy. This corrosion seems to have formed a liquid slag. Cross 

sectioning of the alloys shows extensive internal penetration and the 



formation of aluminumee':cich sulfide inclusiCln~; 0 Thi,3 indicates that 

the: forro.ed be a sulfide or an oxid utf de 

eutectic \1h:1ch later becomes oxidized" 

~xamination of the ion of char ed in Table 1) 

and the of the corrosion of the al reveals that sulfur 

the corrOE3:ton ion must have come from FeS 

d:LffiC1J.l t to whether FeS or contributed the 

or amount of sulfur for the corrosion reaction, but some inferences 

can be made from considerations. Examination of CaO-

(7) and FeD - FeS stabLE se d shows that 

both and FeS could to donate sulfur for the 

reacLLon. Furthermore, it is also evident that increas the partia] 

pressure of oxygen should increase the partial pressure of sulfur 

oxidation of PeS Decreas the partial pressure of oxygen 

should increase the ial pressure of sulfur reduction of 

The observation that no sulfidation occurred when carbon 

w~s still present the lo\v) is nore consistent \·lith til;; 

thes that FeS is the corro species. Further 
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the conditions under \\lhi.ch Ji'eS and become or 

At the couditi.ons to exist at the char a] inte face, 

Itlnl:inume~rich sulfide,; are nnstaIllc', and the a should form on 

scales. But the ia1 pressure of oxy~~en beneath the Al 

scale will be ext small, and so alumiuum-rich suI ides can form 

f the sulfur can d ffuse the external 



experimental results indicate that sulfur does indeed diffuse through 

the external scale. 

The experimental observation that at the end of 100 hours, 

two of the three alloys had slagged and the remainder of the char 

was porous suggests that the slag is formed as a result of the presence 

of the alloy and not within the char itself. In practical situations, 

the slagging type of corrosion may be prevented if the partial pressure 

of oxygen is properly regulated so the decomposition of FeS is 

minimized. 

CONCLUSIONS 

Char contains sufficient fixed inorganic sulfur to induce corrosion 

in iron~base alloys. At sufficiently high temperatures and oxygen 

partial pressures, this corrosion can appear in the form of a liquid 

slag on the surface of the alloy. Internal sulfides can also form 

as a result of this kind of attack leading to catastrophic failure 

of the alloy. 
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ASH Percentage 

Sia2 46.3 

A120
3 

15.2 

Fe20
3 

14.9 

CoO 6.5 

NgO 1.1 

Ti02 0.6 

P20
S 

0.2 

Na20 3.0 

K20 1.8 

S03 5.4 

as sulfate & sulfide 

CHAR Percentage 

fixed carbon 25-50% 

ash !.5-70% 

sulfur <1.5% 

high boiling tars <4% 

Table 1. Composition of Illinois #6 ash and coal char. 
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Figure 1. Cross sections of samples exposed to char and argon 

(+6-10 ppm 02) for 24 hours at 982°C. The attached x-ray 

maps show elemental distributions as indicated. 

(a) Fe-IOAI alloy. Note the heavy, thick protrusion. 

(b) Al X-ray map of protrusion indicates that protrusion 

is A120
3

. (c) Fe-lOAl-Ser alloy. Note the heavy, dark 

gray inclusion. (d) Al X-ray IDap indicates inclusions 

are A1 20
3

. (e) Fe-IOAI-IOCr alloy with dark gray 

inclusions. (f) Cr-map showing Cr enrichment adjacent 

to but not in scale. (g) Al-map shOlving scale is A1 203 
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Figure 2. Surface micrographs of samples exposed to char and argon 

(+6-10 ppm 02) for 100 hours at 982°C. (a) Fe-lOAl alloy. 

Dark gray region is expanded scale. (b) High-magnification 

of (a). Analysis of needle-like gro'Vlth shOlm it to be 

primarily iron oxide. (c) Fe-IOAI-5Cr alloy. Dark gray 

region is expanded scale. Cd) High magnification of (c). 

EDAX analysis also shows it to be iron oxide. (e) Fe-IOAI-lOCr 

No expanded scale but oval areas are thicker A1
2

0
3 

regions 

on surface. 
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Figure 3. Optical micrographs of cross-sections of alloys after 

100 hours exposure. 0 (a) Fe~·lOAl. (b) Fe~lOAl-5Cr 

In both, the dark needles represent internal formation of 

aluminum-rich sulfides within the alloy itself. This 

region is covered by a scale which is predominantly 

iron oxide. 
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(a) 

(b) 
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Figure 4. Cross section and x-ray mappings of Fe-10Al-5Cr alloy 

after 100 hours exposure. (a) Electron image. (b-e) 

elemental maps as indicated. Note the four distinct regions 

in the cross section: 1) lightest gray region is alloy 

itself, 2) medium gray at top of (a) is a chromium oxide 

(see e), 3) darker gray below that is aluminum oxide 

(see c and d), and 4) the dark gray inclusions in bulk 

of alloy are aluminum-rich sulfides (see c and d). Iron 

is excluded from the aluminum-containing regions b). 
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