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EXPOSURE OF HIGH TEMPERATURE ALLOYS IN CARBONACEOUS 
GAS ATMOSPHERES 

Abstract 

We used light and scanning electron 
microscopy to evaluate changes resulting 
from exposure of eight commercial high 
temperature alloys in carbonaceous atmos
pheres. Samples were exposed in CO, CH,, 
or CO/CH. mixtures up to 900°C and 6.2 MPa. 
All alloys were actively attacked. Surface 

Although much information exists on 
the behavior of high-temperature, corrosion-
resistant alloys in oxygen-rich environ
ments, information un the behavior of these 
materials in carbonaceous atmospheres is 
scarce. The corrosion resistance of these 
alloys is due to the protection offered 
by their oxide surface films. The 
stability of such films in carbonaceous 
atmospheres will depend on the gas composi
tion (e.g., CO/CO- ratio)* temperature, 
and pressure with the oxideB of Ni, Fe, 
Cr, and Al tending to be more stable* in 
that order. 

In the present atudy we evaluated the 
metallurgical changes resulting from ex
posure of eight commercial alleys (Table 1) 
in high-temperature, high-pressure, car
bonaceous gas atmospheres (Table 2), 
Either pure CO, pure Ch\, or a CO/CH, 
mixture was charged into a pressure vessel 

finish and preoxidation influenced the 
extent of corrosion. Reduction of tfifi, 
giving a high surface concentration of Ni, 
promoted catalytic de< <-mposition of CH,. 
Further work is indicated before the 
performance of these allovs mav ba ranked 
with confidence. 

containing the exposed samples. On rais
ing the temperature these charges decompos
ed to C0/C0 2, CH 4/H 2 and CO/C0 2/CH 4/H 2 

mixtures, respectively. 

For the combination of pressure, 
temperature, and CO/CO- ratios obtained, 
NiO woul-3 be unstable and it should be 
reduced if at the surface. Some form of 

iron oxide will be stable with the exact 
oxide species depending upon the particular 
environmental conditions. Both C*„0. and 
Cr„~C- should be stable in all cases. 
A1„0- will be the most stable of these 
oxides and the Al will not form a carbide. 
Neither Ni nor Fe should form carbides in 
the environments examined. 

We investigated both the effect of 
surface roughness and a preoxidation treat
ment. The exposed samples were evaluated 

Summary 
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Table 1 — Nominal Alloy Composltlonp (wtZ) 

Alloy Fe Cr Ni C Al Mo Other 

3Q4 SS Bal >ie > 8 <0.0S — .. — 
310 SS Bal 26 20 <0.25 — — — 
Inconel 601 Bal 23 60 0.05 1.35 — — 
Incoloy 800 Bal 20 34 0.07 0.5 — — 
Incoloy 811 Bal 20 34 0.06 1,85 Ti(0.5: 
Haynes 188 1.5 22 22 0.08 - — Co(Bal).H(14) 
E-brlte 26-1 Bal 26 — <0.01 — 1 — 
Hastelloy X 19 22 Bal 0.1 - 9 Co<2) 

Table 2. High-temperature, high-pressure carbonaceous mixed gas atmospheres. 

Gaa analysis 

H2 
Temp. 
Cc) 

Press. 
(MPa) 

Initial 
CO CH. 

4 

Final 
H2 

Temp. 
Cc) 

Press. 
(MPa) 

Time Initial 
CO CH. 

4 
CO co2 C H 4 H2 

Temp. 
Cc) 

Press. 
(MPa) (h) 

1 — 100 0.2 0.15 98.1 1.07 600 4.8 170 
2 — 100 — — 46.1 53.8 800 4.1 100 
3 — 100 — — 42.2 57.6 900 4.8 50 
4 100 — 17.7 74.7 4.39 1.39 600 4.5 170 
5 100 — 34.8 63.4 0.06 0.91 800 4.5 170 
6 — 100 0.06 0.04 75.8 24.1 700 4.8 100 
7 50 50 14.1 20.7 52.3 12.8 700 4.1 100 
8 50 50 15.2 21.6 52.5 10.6 700 5.5 100 
9 50 50 13.2 18.7 52.3 15.8 700 6.2 100 
10 100 — 18.14 80.5 0 0.41 700 6.2 100 



using primarily light microscopy and scan
ning electron microscopy. Light micro
scopy generally revealed that three cor-
roslon/dtffusion zones had developed In all 
of the atmospheres examined. These were 
usually seen as 1) a structureless grey 
etching layer, 2) a sublayer consisting 
of small equiaxed light-etching grains; 
and 3) below this a region ot general 

precipitation and/or grain boundary 
precipitation in the base metal. 

Whether preoxidation reduced the ex
tent of penetration of corrosive products 
into the banc metal depended upon the pre
oxidation temperature (in air) und the 
alloy. An Increase in surface roughnesB 
(as-machined vs 600-grlt polish) greatly 
Increased the extent of penetration and 
density of corrosion products. Details 
of the surface films are described with 
reference to scanning electron microscopy. 

NiO% first formed by preoxidetion, 
IK selectively reduced when exposed to the 
carbonaceous atmosphere and soot invari-

Huch of our knowledge concerning the 
resistance of stainless steels and heat-
resistant alloys to high-temperature gaseous 
corrosion is derived from studies of simple 
oxidation behavior* generally related to 
furnace and gas-turbine applications, 
A number of excellent reviews on various 
aspects of corrosion behavior for these 
materials have been published. 
However, little research has been done on 
their behavior in carbonaceous reducing 
atmospheres such as those encountered in 

7-9 coal burning and coal gasification. 

ably forms. A possible jause of soot 
formation nay be catalytic action of 
r.lckel in cracking the gas. Detailed 
examination of the surface flld» In
dicates that carbonaceous gases nay 
have a deva&cutlng effect on the per
formance of contemporary alloys. 

Although the limited scope of the 
present investigation prevents ranking the 
various alloys examined, it did provide 
information on the type ol corrosion caused 
by simple carbonaceous-gas atmospheres. 
The observations will serve as a basis for 
future studies on corrosion In the more 
complex coal gasification environments. 
However, to adequately understand the 
corrosion behavior rid to accurately rank 
tested materials, the corrosion products 
must be identified and the extent of solute 
depletion as a function of substrate depth 
must be obtained. Finally, changes In 
mechanical properties due to synergistic 
effects of stress and corrosion will have 
to be assessed. 

These atmospheres may contain, for example, 
CO, CH^, CO , H, and H,0 in various pro
portions at high temperature. 

Classical approaches to corrosion 
resistance in oxidizing atmospheres may 
not apply for carbonaceous atmospheres. 
The approach to high temperature corrosion 
resistance has centered on formation of 
protective surface films. ' Corrosive 
attack by high-temperature gases depends 
strongly on the nature of the films formed 
by these gaBes, This relates particularly 
to the reaction of the base alloy with 

Introduction 
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components that may diffuse through the 
films. For example* the protective surface 
film formed on Fe-Cr-Ni alloys is primarily 
CrjO.. * In alloys of this type that 
also contain aluminum, A1 20 may form 
beneath the Cr-Oj l a y e r * * 8 * " - 1 5 with 
oxygen diffusing through the CTJ). into 
the base metal and reacting with Al. ' ' 

A protective film may fall in service 
or be degraded by loading stresses, therm
ally induced stresses, internal growth 
stresses, abrasion, chemical attack, and 
changes in the base alloy resulting from 
diffusion of certain species through the 
film. For example, M^O-i * s considered to 
be generally more resistant than Cr,CL to 

1 8 these kinds of attack. * However, a 
protective* oxide film roust depend on In situ 
reaction to repair Itself If ruptured by 
any means; in this regard, the kinetics 
of Cr 90_ reformation are considered super-

1 8 lor. * Healing, as well as the original 
development of a protecctve film, will also 
depend on the environmental species. Where 
the gas phase is devoid of oxygen sources, 
or is thermodynamicaliy reducing, the 
protective oxide films normally associated 
with specific alloys will not form (or 
reform) — and If present, they may de-
compote. Therefore, protection from gasious 
reducing atmospheres by protective films 

may not be generally expected. The applica
tion of artificial surface coatings offers 
a partial solution to the problem, * 
but this may not always be a practlca' 
approach. 

[n thir; study we evaluated the metal
lurgical changes caused by exposure of 
several corrosion-resistant alloys to 
lllgh-terapeiature, high-pressure, simple 
carbonaceous-gas atmospheres. Since these 
materials normally awe their corrosion 
resistance to protective oxide films, we 
examined the Influence of prior surface 
conditions, i.e., as-machined, j*s-prepnl Ish-
ed, and with various preoxldized surfaces. 
Controlled exposures were conducted In 
either CH,, CO, or mixtures of the two 
gas-es (and their decomposition products) 
at various temperatures and pressures. 
Performance was evaluated by examining 
sample structure and morphology using light 
microscopy and scanning electron microscopy 
augumerlted by some x-ray diffraction and 
energy-dispersive x-ray analyses. A logical 
extension of this v'ork would include further 
analysis and correlation with exposures 
tn more complex environments more closely 
approxlmat'ng the actual conditions in 
in situ, cn.il-gasif (cat Ion processes, for 
example, gases containing sulfur species 
or chlorides. 

-4-



Experimental 

Coupons of eight commercial candidate 
alloys (Table 1) were exposed to 
carbonaceous gas mixtures (Table 2}» In a 
pressure vessel at pressures up to 6.2 MPa 
and temperatures up to 900*C. The vessel 
was made of Rene-41 and had a working 
cavity 12.8 no in diameter by 305 on deep. 
It was heated by an external, resistance-
wound tube furnace. Some 10-12 coupons 
were exposed during each run by suspending 
them on a wire (Table 3). Duplicate 
samples were Included to facilitate use of 
different analytical techniques. The 
coupons were about 2-3 ran thick by 7.5 mm 
stjMare, and suspended on a wire through a 
0.90-raro-diam hole drilled in the center 
of the H,.tuple face. The samples were 
separated from each other by 3-ran-thick 
ceramic-bead insulators (Fig. 1). 

The faces of the coupons were polished 
to a 600-grit lapped finish, while the 
four sides were exposed in the as-milled 
surface finish. Selected polished coupons 
were preoxldlzed in air at elevated 
temperatures. Except for the latter heat 
treatment, all samples were In the as-
received, mill-annealed-and-pollshed 
condition. Prior to exposure all samples 
were cleaned with CC1,. 

•Differences between the measured and 
operating gas analyses depend on the 
chilling effect during gas sample with
drawal. For example, based on thermo
dynamic calculation?, exposure No. 5 
should have contained p

C()/PCo+co. " 0 , 3 i 

as compared to the observed ratio of 
0.35. The difference Is small. 

Tabic 3. Alloys exposed in the varlouB runs. 

Run No. ScainlcBR 
304 310 

Znconel 
601 

Incolo" 
800 811 

Haynes 
188 

E-brlte 
26-1 

Haatelloy 
X 

1 »".** P.a P.a P.a -- a -
2 a — P.a P.a p.a a a — 
3 a — a a a £ a — 
4 a — a a a a a — 
5 a P.a a a a a a — 
6 a P.a a a a a a — 
? ~ P.a a a a a a — 
8 — p,a a — a a a — 
9 — P.a P.a - a — — a 
10 — P,a P.a — — — — — 

Exposed in some preoxldized form - designated by p. 

Fxposcd in the as-polished form - designated by a. 



Fig. i. Suspended arrayu of samples, a) before exposure in Run Mo. 
b) after exposure in Run No. 5. 

Cabonaceous gases of commercial purity 
were introduced into the pressure vessel 
at room temperature at relatively low 
pressures in order to allow for expansion 
and various decomposition reactions that 
occur on heating to v?-e exposure temper
ature. Either pure CC, pure CH,, or a 
CO/CH, mixture was charged initially. At 
the elevated temperatures, these charges 
decomposed to CO/CCL, CH^/Cg, and COA-0,,/ 
CH./C, mi>:urea, respectively. A graphite 
rod, 12.7-mm in diameter and about ?37-mn 
long, waB inserted into the furnace tube 
to reduce the gas-pt.ase volume and to 
offset the above decomposition reactions. 
The resulting gases were, therefore, always 
equilibrated with respect to carbon 
(graphite). The vessel typically reached 

a stable temperature within 2 h, with 
pressure equilibrated within 3 h. 

At the completion of a run (50, [00, 
or 170 h ) , a gas sample for composition 
analysis was withdrawn from the pressure 
vessel while at the elevated temperature, 
reducing the pressure by approximately 50%. 
The furnace was then immediately shut 
off, cooling to room temperature in 
about h h. Samp'<*i) wore removed taking 
care not to disturb the surface films. 

The exposed samples were evaluated 
by one or more techniques; these included 
visual examination, weight-change, x-ray 
diffraction of the in situ film, scanning 
electron microscopy, energy dispersive x-
ray analysis, and light metallography. 
Weight-change proved to be an insensitive 



measure of corrosion for these exposure 
conditions, with changes rarely greater 
than 0.03*; in addition, carbon (soot) 
deposition on sample surfaces confused 
the weight measurements. Therefore, the 
primary measure of corrosion resistance 
was penetration by corrosion products and 
changes in the alloy substrate as determined 
qualitatively by metallographic oxamina-

The macroscopic appearance of the 
exposed coupons varied from light-colored 
tarnishes to black-soot deposits. Not 
all of th-a evposed samples were examined 
metaUographlcally, but the 310 stainless 
steel (310 SS) and Inconel 601 coupons. 
were examined in great detail. No general 
correlation w»s found between the micro
scopic and exi -i-nal macroscopic appearances. 

CAR90N-H0NOXIDE/METHANE EXPOSURES — 
LIGHT MICROSCOPY 

Metallographic examination of cross 
sections of samples exposed to CO or CO/ 
CH, (initial) gas mixtures generally reveal
ed the development of three diffusion* 
corrosion zones: (1) a structureless, 
grey-etching, usually continuous surface 
layer, (.2) a light-etching sublayer usually 
consisting of small equtaxed light-etching 
grains about 1-3 p_i Jns thick and at times 
peppered with precipe « e s , .and (3) below 
this .i region of general precipitation 
and/or grain boundary precipitation in 
the base metal. At tines the grain boundary 
precipitation extended to the surface 

tion of cross sections. The tops and 
bottoms of samples tended to collect differ
ing amounts of loose soot because of the 
sample-handling arrangement. Thorough 
comparison of morphology and metallography 
of top and bottom sample faces assured 
that the tops and bottoms were equivalent? 
Icose soot did not appear to affect 
corrosion behavior. 

layer, and solute depletion was also appara-
ent in the sublayei. 

No attempt was made to identify the 
constituents (oxides or carbides) present. 
On the basis of the Boudouard reaction 
(2C0 * C + C0 2) which reached equilibrium 
as evidenced by soot deposition, N10 could 
not have formed at the surface, and if 
present there originally (due to preoxida-
tion), it should have decomposed. 

Oxides of irons are probably stable 
under the conditions used; e.g., calcula
tions using the free energy data for the 
Boudouerd reaction shows that for run No. 
10 (CO addition at 700°C, 6.2 MPa) the 
equilibratfJ C0/C0 2 ratio is 0.11 which 
falls within the region where Fe.O, is 3 4 
the stable phase. If the temperature 
were increas d to 90Q°C, Fe-0 would be the 
more stable phase; if it were increased 
to 1000°C, the CO/CO, ratio becomes 0.720 
and no oxide of iron should form. 

With respect to chron.ium, Cr_0_ should 
readily form in all of the exposures 
containing CO. The formation of a carbide^ 
possibly Cr,,_C,, should also occur. The 
CO/CO- ratios obtained are reducing towards 

Results and Discussion 
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the carbide but oxidizing relative to the 
oxide, i.e., both species may coexist. 
Finally, A1,,0_ will always form. Carbides 
of Ni and Al will not be stable and should 
not form, also Fe~C should not form from 
the gas phase under the conditions used. 
Therefore we assume that, in general, the 
surface oxides are predominantly Cr,0„ 
with some A1 20„ together with various 
oxides of iron. 

Fig. 2. Microstruptures illustrating 
in Run No. 6, a) Haynea 188, 

Precipitates at the grain boundaries 
and within the grains are probably pre
dominantly carbides. Some internal oxida
tion, especially for the preoxidized samples, 
would also be expected. As will be shown, 
the light-etching granular sublayer could 
be ascribed to either oxides or carbides 
depending on the exposure conditions. 

The general features described in the 
above may be seen in Fig. 2, which contains 

*al surface attack. All samples exposed 
Incoloy 811, c) 310 SS, d) Inconel 601. 

-8-



cross sections* of several alloys showing 
corrosion attack of as-polished, nonpre-
oxidlzed coupons exposed to Run No. 8 

We could not observe any systematic trends 
with respect to temperature or pressure 
or to the addition of CH, to CO. We noted, 
however, that the aides (milled finish) 
invariably suffered deeper penetration 
by the corrosion products than did the 
polished surfaces. 

Figure 3 contains micrographs of 310 
SS samples: (a) as preoxidlzed 100 h at 
700°C; (b) preoxidlzed plus exposure to 
Run No. 10 (CO charge at 700°C, 6.2 MPa); 
and (c) Run No. 10 only. The top edge 
of each view corresponds to the polished 
surface while the right-hand side corres
ponds to the as-machined milled surface. 
Although the preoxidation treatment appeared 
to accentuate the penetration at the rallied 
surfaces, the amount of internal precipi
tation below the polished surface was 
decreased by this treatment (compare views 
3b and 3c). We noted that preoxidation 
at a lower temperature of 500"C had no 
significant affect on corrosion attack. 
An intermediate preoxidation temperature 
(7Q0°C) usually improved the resistance 
to corrosion at polished surfaces, and 
high preoxidation temperatures (> 1000°C) 
were always detrimental. 

Differences due to the preoxidation 
treatments observed on the polished surfaces 
of 310 SS may be seen more clearly in 
Fig. 4 which contains photomicrographs 

UnleBs otherwise indicated, all cross 
sections show the effect of exposure 
of the as-polished surface. 

Preoxidation was accomplished by heating 
In air. 

Fig. 3. Photomicrographs of 310 SS ex
posed to various combinations 
of environments, a) 100 h at 
700°C in air, b) 100 h at 700°C 
in air followed by Run No. 10, 
c) Run No. 10 alone. Top of 
each view is original polished 
surface, right side is original 
machined surface. 



Fig. 4. Photomicrographs showing 
differences obtained in 310 SS 
samples as a result of pre-
oxidatlon, a) as preoxidized 
100 h at 700"C in air, b) pre-
oxidized plus exposure to Run 
No. 10, c) not preovidized, ex
posed only to Run No. 10, all a 
higher magnification than Fig. 3. 

of the samples shown in Fig. 3 but at a 
higher magnification, The granular sub
layer appears thickest for the combined 
preoxidized and carbonaceous exposure and 
finest for the carbonaceous exposure alone. 
This would suggest that this sublayer 
probably contains some oxide. In the 
absence of the preoxidation treatment, 
carbide precipitates formed which are 
arranged in crystallographically oriented 
arrays penetrating some 20 \m below the 
surface (view 4c). This was also seen in 
the preoxidized sample but to a much lesser 
extent and with less penetration. Such 
differences between preoxidized and non-
preoxidized samples can be ascribed to 
the oxides acting as diffusion barriers 
between the carbon supplied by the gas 
phase and the matrix alloy elements 
(especially Cr). 

The effect of an excessive preoxida
tion temperature is seen in Fig. 5 for 
310 SS exposed 1 h in air at 1121°C and 
water quenched. A segmented, relatively 
thick, irregular surface film is obtaine'. 
No granular oxide sublayer developed 
although grain boundary and internal oxida
tion had occurred (the water quench should 
have prevented carbide precipitaticm on 
cooling from 1I21 EU), as may be seen in the 
as-polished (5a) and lightly etched (5b) 
views. Etching sufficient to brinj. out 
the austenitic allov structure (view 5c) 
results in a severly overetched zone below 
the surface film suggesting extensive Cr 
depletion i n that zone. 

The effect of an excessive preoxida
tion temperature for lnconel 601 is shown 
at two magnifications (200 and 750X) in 
Fig. 6. The preoxidation treatment was 
3 h at 1000*C in airj the carbonact me 

exposure w<iB in Run No. 10 (GO charge, 

-10-



Fig. 5. Photomicrographs showing the 
formation of a discontinuous 
oxide film and substrate 
precipitation in 310 SS exposed 
for 1 h at 1121*0 in air, 
a) as-polished, b) light etch, 
c) heavy etch of exposed samples. 

700"C, 6.2 MPa). Two of the structures, 
(a) pieoxidized and (b) preoxidized and 
carbonaceous exposure, appeat very similar 
with respect to the formation of a surface 
film and internal oxidation and/or carbide 
precipitation. Both samples also contain 
a thin sublayer of very fine grains, about 
one grain thick, just below the surface 
film. Evidence of a solute-depleted zona, 
about 27 \im thick, can be seen in both 
samples, but of the two this appears to be 
most evident in the preoxidized and car
bonaceous-exposed sample. The sample 
exposed only to the carbonaceous atmosphere 
(view 6c) showed considerably less penetra
tion of the corrosion products than did 
either of the ether two, particularly with 
reference to thickness of surface film, 
depth of solute depletion, and extent of 
precipitation or internal oxidation. In 
comparing the three samples in Fig. 6, it 
appears that the main differences arise 
as a result of the test temperatures, 
i.e., the 1000°C preoxidation versus the 
700°C carbonaceous exposure, the former 
causing much deeper penetration of the 
corrosion products including solute deple
tion. The surface film of the preoxidized 
sample may have played a role in limiting 
the growth of the granular sublayer since 
it is thickest for the carbonaceous expo
sure only. 

We next examined whether preoxidation 
of Inconel 601 at the same temperature 
as that used in the subsequent carbona
ceous exposure would minimize the carbona
ceous atmosphere attack. Figure 7 shows 
views of three samples of Inconel 601 
exposed to three different 7G0°C treat
ments: (a) 100 h in air, (b) run No. 10 
(100 Ji in CO charge at 700°C, 6.2 MPa), 
and (c) 100 h in air followed by run No. 10. 

-11-
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Fig, 6. Photomicrographs of Inconcl 601 samples exposed to various conditions, 
a) 3 h In air at 1000°C, b) 3 h in air at 1000°C followed by exposure in 
Run No. 10, c) exposed in Run No, 10 only. 



Fig< 7, Photomicrographs of Inconel 601 
samples exposed to three 
different- 700*C treatment!, A) 
100 h In air at 700*C, 0 ) Run 
No. 10 only, c) 100 h in air at 
700*C followed by «xjn» Ur« in 
Run Mo. 10. 

Very little difference is seen in the micro-
structurea Between the preoxidlzed and 
carbonaceous exposures (views 7a, b ) . 
The two successive exposures (view 7 C) 
resulted i n additional penetration by 
corrosion products especially with respect 
to the degree of precipitation. Thus, 
in contrast to the beneficial effects 
obtained vith the 700°C preoxidation treat
ment for 3i0 SS, no visual evidence of 
improvement appeared for Inconel 601. 

METHANE EJtPOSURES — LIGHT MICROSCOPY 

Figute 8 shows the microstruetures 
of Inconel 601 samples that were obtained 
following exposure to (a) Run No. \ (CH 
charge at 600°C, 4.8 MPa), (b) No. 6 
(CHj charge at 700*C, 41 MPa) and ( c) 
No. 2 (CH^ charge at 800°C, 4.8 MP*). 
These samples were not preoxidized^ As 
with those samples exposed to CO arid CO/ 
CH, charges, three main corrosion i-.ones 
ware observed in the microstructuri?: 

(a) a grey-etching structureless surface 
film, (b) a ligiht-etchlng granualr sub
layer, and (c) precipitation penetrating 
Into the substrate. The degree of 
penetration or thickness of each of 
these zones increases with an increase 
in temperature. This is especially so 
with respect to (carbide) precipitation. 

^he effects of a preoxidation treat
ment are further Illustrated in Fig. 9, 
Exposure for 24 h at 1000°C in air resulted 
in the formation of a thick, irregular, 
jjrey film (view 9a) which was partially 
reduced an<J/or fragmented on subsequent 
exposure to the CH^/Hj gas mixture of run 
No. 1 (vie* 9b). In comparing the two 
samples, several interesting features say 
be seen. In both samples. Intrusions from 
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Fig. 8. Photomicrographs of 
Inconel 601 samples exposed 
to CH^/H, gas mixtures, a) Run 
No. 1, 600°C, 170 h, 4.8 HPa, 
b) Run No. 6, 700°C, 100 h, 4.8 
HPa, c) an No. 2, 800°C, 100 h, 
4.1 MP*. J«pl« w w not pre-
c<ddl»d* 

Fig. 9. Photomicrographs of Inconel 601 
samples, a) as preoxidlzed at 
1000°C in air for 24 h, b) pre
oxidlzed at 1000°C in air for 
24 h and exposed to Run No. 1. 

the grey oxide film into the substrate 
were noted, especially at the austenite 
grain boundaries. In comparing views (9a) 
and (9b), these Intrusions obviously oc
curred during the preojcidation treatment. 
The austenite grain boundaries could not 
readily be detected in the preoxidlzed 
sample for a depth of about 30 \im below 

-14-



the surface. Evidently, the carbides de
lineating these grain boundaries had been 
eliminated by the oxidation process, either 
by being directly oxidized or through the 
reaction of oxygen with Cr yielding a Cr-
depleted zone and resulting in the Cr C r x y 
going Into solution. However, the intrusion 
of the oxide at the top of view 9a reason
ably corresponds to the extension of a grain 
boundary from what would appear to be a 
triple point of the austenite grain bound
aries. Upon subsequent exposure to the car
bonaceous atmosphere of Run No. 1 (CH, 
charge, 6O0"C, 4.8 MPa), the enrichment of 

carbon and the arrival of Cr, either from 
the interior of the sample or by the reduc
tion of Cr-Q-, again result in Cr C . grain 
boundary precipitation with the complete 
delineation of the austenite grain 
boundaries. In comparing Fig. 9 with 
Pig. 8a (both samples were exposed to 
Run No. 1), it is observed that the preoxi-
dation treatment has resulted in more 
extensive sublayer growth (light-etching 
granular structure). Evidence of sublayer 
activity is seen in the preoxldized Bample 
of Fig. 9a. Thus, one may conclude that 
prior Cr-depletion (i.e., Cr 20_ formation) 
permitted more rapid attack on subsequent 
exposure to the CH./H, atmosphere. 

SCANNING ELECTRON MICROSCOPE EXAMINATION 
OF SURFACES 

Selected sample surfaces were examined 
by Scanning Electron Microscopy (SEW) 
to determine through recognizable Morphology, 
the type of outer-layer compounds and to 
reveal surface features such as film 
continuity, cracks, soot, and the 
distribution of various phases. 

As noted earlier, varying the preoxi-
dation temperature may produce significant 
differences in the initial film and in 
its performance in carbonaceous gases. 
For example 310 SS, when preoxldized at 
700°C, develops a macroscopically coherent 
film (Fig. 10a) Including an outer layer 
consisting of numerous microscopic NiO 
{lll}-faced hillock crystals. However, 
pretreatnent at 1000*C leads to scale 
cracking and spalling (upon cooling) with 
subsequent exposure of the base metal 
(Fig. 10b). The visual appearance of the 
1000°C-exposed 310 SS samples also reflect
ed this fine-scale cracking; the 1000"C-
oxidized surface had a dull gray "pocked" 
or "sand-blasted" appearance while the 
700°C oxide film was smooth and coherent. 
A further undesirable manifestation of the 
1000'C preoxidation exposure of 310 SS 
was a tendency to promote significantly 
more surface carbon (soot) deposition than 
that resulting from preoxidation at lower 
temperatures. This behavior may be related 
to increased NiO external scale formation 
at 1000°C, which on subsequent decomposi
tion on exposure to reducing conditions 
would give rise to a high surface concen
tration of nickel as a catalytic cracking 
agent for the carbonaceous gases. Such 
enhanced methane decomposition may have 
a significant effect on the efficiency of 
gas production for a coal gasification 
process* Thus, in addition to corrosion 
protection, the specific nature and 
distribution of film compounds should also 
be considered. 

Spalling of initially coherent surface 
films was also observed in many cases after 
carbonaceous gas exposure. Evidence of 
spalling is shown in Fig. 11 for a sample 
of 310 SS preoxidlsed in air 3 h at 500*C 
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Fig, 10. Surface topography of 310 SS 
samples following exposure in 
air {peroxidation), a) 100 h 
at 700*C. b) 3 h at WOO'C. 

and then exported to Run Mo. 6 (Cll, charge, 
700*C ( *,8 MPfl). The origin of the raacro-
seopicelly "pebbled" external scale Htma
ture In t/lew U o enn be deduced fron higher 
Magnification SEM examination of the scale 
underside (view lib) obtained froM a piece 
of spalled scale Mounted to expose the 
seala/bane ewtal interface. The array of 
holes in the scale (a higher Magnification 

view of one hole is shown in view lie) 
corresponds to the points where the scale 
adhered to the base metal, with the 
nonadherent scale "ballooning" or "tenting" 
between these fixed points. The missing 
patches of scale can be observed on the 
exposed base metal surface of the sample 
(view lid). These adherent patchea were 
obviously too small to prevent general 
macroscopic flaking of the scale. This 
spelling may result from the development 
of growth stresses in the surface film 
at high temperature or from differential 
thermal contraction on cooling from the 
exposure temperature. In either caaet 

310 SS is unlikely to maintain a natural 
protective film under these conditions. 
Additional examination at high magnification 
of the samples shown in Fig. 11 indicates 
that the originally coherent preoxidation 
film (such as in view a) has became micro
scopically parous from reduction of the 
original filra compounds. These observations 
indicate that carbonaceous gases may have a 
devasting effect on the performance of 
contemporary alloys at normally servlcable 
temperatures. Furthermore, the conditions 
to which materials have been subjected in 
these preliminary exposures are compara
tively mild conpared with many actual service 
environments (such as in coal conversion 
processes) where gas flow* stress, abrasion, 
and other environmental agents arc added 
factors. 

Other alloys have similar fllM reac
tions with carbonaceous gases. Figure 12 
demonstrates the effect of carbonaceous 
gas exposure on preoxldized Inconcl 601. 
The Individual particles of the preoxidized 
surface oxide seen in view 12a appear in 
view 12b to be eroded by the exposure to 
Run No. 9 (50CO/5OCH, charge, 700 #C, 6.2 
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Fig. 11. Surface and undersurface topography of films from a sample of 310 SS, first 
preoxldized by heating for 3 h at 500"C In air and then exposed to Run No. 
6. a) partially spalied film surface, b) underside of piece of spalled 
scale, c) view of one hole seen in b), d) patch of filtn corresponding to 
hole of view c) retained on metal surface. 

MPa). Under those conditions one of the 
initial scale oxides has been apparently 
selectively reduced and, therefore, removed 
from the film. The absence of the familiar 
triangular-faced NiO hillocks suggests 
that the external NiO phase was reduced 

as in the case of 310 SS. This is consis
tent with the relative thermodynamic stabi
lities of various oxides. 

The white globular areas in view 12b 
probably are Al-0.,, in Inconel 601, AljOj 
is formed in greater proportion at grain 
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Fig. 12. Surface topography of two 
Incoriel samples showing attack 
of a preoxldlzed surface, 
a) as preoxldlzed 3 h at 1000°C 

In air, b) subsequently exposed 
to Run No. 9. 

boundaries as seen In Fig. 13, views a and 
b. therefore* while Al,0 3 may form a use
ful surface film in terms of resistance 
Co reduction by carbonaceous gas 
atmospheres, the alloy composition of 
Xnconel 601 (1,35 wtX Al) contains in
sufficient Al for a complete layer at 
A1-0-, SJl»U»rlyt Incolov 800 (0.5 wtfc Al) 

Fig. 13, "lews Illustrating relation of 
film characteristics to sub
strate grain boundaries for 
tnconel 603 preoxidiaed by beating 
for 3 h at 1000°C In air followed 
by exposure in; a) and b) Run 
No. 9, c) Run No. 2. 



and Incolov 811 (1.75 \tt% Al) prohnblv 
would not retain or form conpnct ^' 2

n -i 
films in carbon-rich atmospheres. 

Nonuniform film formation resulting 
from underlying microstructural features 
is demonstrated in Fig. 13, view c. The 
"bare patch" evident near the grain boundary 
obviously corresponds to an underlying 
MC-type carbide particle. Energy disper
sive x-ray analysis (EDA) of films on the 
normal internal grains (y and y') and on 

the "bare patch" (MC carbide) showed that 
the film over y and y' is richer in Ti and 
poorer in Al than is the film covering the 
MC carbide. 

Figure 14 illustrates the relative 
surface deterioration suffered by nonpre-
oxldized samples in Inconel 601 (a), Tncoloy 
811 (b), 310 SS (c) and (d) exposed In 
Run No. 8 (50 CO/50 CH^, 700 8C, 5.5 MPa). 
The former two Ni-rich alloys seem to be 
somewhat less prone to deterioration in the 

Fll, 14, MUtiv* «wrfM* fot»rioro*on pC gnPr«oxidii«d anaplH, ») Incontl 601, 
b) locoloy B H , p) 310 SS, d) 310 SS «nl*Vj|«d, All «xpoatd to Run No, 8. 
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carbonaceous atmosphere than the 310 SS. 
The 310 SS at low magnification (c) shows 
an eroded-like surface which at higher 
magnification (d) indicates an apparent 
conversion to filamentary carbides. The 
"debris" on the surface in views 14a and 14b 
is deposited soot. Note that the exposure 
conditions for these samples correspond 
closely to those associated with the deter
ioration phenomena known as "metal dusting" 
which proceeds apparently by a conjoint 

20—27 oxidation-reduction reaction. In this 
case, the gas analysis (C0/C0./CH,/H2, 
15.2/21.6/52.5/10.6) supports the possibil
ity of such a mechanism. 

The superior performance of Inconel 
601 and Incoloy 811 in these environments 
may be realted to the presence of the more 
stable A1~0 3 phase in the film, as 
discussed earlier. In this regard, Incoloy 
811 might be expected to be more satis
factory than Inconel 601 because of the 
higher Al content (1.75 wtZ vs. 1.35 wtX) 
although in both alloys the Al content la 
inadequate. However, metallographic examina
tions indicate somewhat more nonuniform 
films for Incoloy 811, indicating that these 
low Al contents in the compositions alone 
are not the determining factor, and that 
the relative rates of diffusion and reac
tion and the distribution of various phases 
are particularly important. 

The possibility of using a less expen
sive material such as low-carbon steel in 
high temperature carbonaceous atmospheres 
was dramatically shown to be inappropriate. 
In one case a sample of a plain low-carbor. 
steel, exposed to Run No. 4 (CO charge 
600"C, 4.5 HPa for 170 h, exhibited a re
markable transformation to a very carbon-
rich friable material, which is a manifes
tation of advanced graphltization. This 

behavior was observed only in the CO/CO,,-
containing atmospheres, tn the CH,/ll? 

mixture the surfaces were "reduction-
etched," producing a flake-like scale (see 
Fig. 1 J ) . Thus the rate of destruction 
of the unalloyed steels in carbonaceous 
atmospheres is greatly dependent on the 
atmospheric composition and such destruc
tion may be catastrophic. 

Fig. 15. Flake-like topography resulting 
from exposure of a SAE 1018 
steel in Run No. 3 (CH, charge), 
two different magnifications. 



Some Concluding Comments 

The original purpose Ot this study 
was to become familiar with the types of 
film formation and corrosive attack that 
might be encountered when particular alloys 
are exposed to carbonaceous environments; 
this goal was accomplished. Further, some 
ranking of these materials was anticipated. 
The limited scope of the investigation to 
date did not provide sufficient information 
to adequately do this, although the 
observations indicate that Al may be an 
important and necessary alloying 
constituent for resisting attack under 
reducing conditions. 

Most Importantly, surface films and 
subsurface precipitates need to be 
identified by x-ray and electron dif
fraction. Chemical analysis as a 
function of substrate depth would 
have to be obtained to determine the 
extent of solute depletion. One must 
decide what is more significant in 
degrading the material: solute 
depletion, precipitation, grain 
boundary attack, or general metal 
loss. To adequately answer these 
questions, in addition to mare 

extensive surface and substrate 
analyses, one must also resort to 
mechanical testing. 

From a practical point of view, the 
reaction of these materials to actual burn
ing-coal and gas-product environments 
may be quite different than the behavior 
observed in this study. This was drama
tically demonstrated for a low-carbon steel, 
which show •* catastrophic attack in the 
CO/CCL atmosphere in contrast to the much 
slower attack obtained in the CH 4/H 2 

atmosphere, both relatively mild compared 
to the anticipated coal gasification 
environments. A variety of morphologies, 
both in the cross sections and in the 
topographic views were obtained for the 
high-temperature alloys. These were 
affected by the preoxidation, the carbona
ceous exposure environment, and the alloy 
composition. Although we hesitate to rate 
these materials on the basis of our 
limited observations, nevertheless, this 
study should provide some background for 
future work involving materials screening, 
materials mechanic.' ties evaluation, 
and basic corrosion 
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