
JOURNAL DE PHYSIQUE IV 
Colloque C9, supplCment au Journal de Physique 111, Volume 3, dCcembre 1993 

Corrosion of chromium containing alloys in non-steady state 
environments containing oxygen, carbon, and chlorine 

M.J. McNallan, S. Thongtem, J.C. Liu, Y.S. Park and l? Shyu 

CEMM Dept., m/c 246, University of Illinois at Chicago, PO. Box 4348, Chicago, IL 60680, 
U.S.A. 

Abstract. - Internal attack of chromium containing alloys in mixed oxygen-chlorine environ- 
ments occurs by the formation of pores which penetrate down grain boundaries of the alloys. No 
internal attack was detected in a binary Fe-20 %Cr alloy at 1200 K in environments containing 
2500 ppm C12. The rate of internal attack of alloy 800H in such environments was increased 
by replacing the O2 in the gas by C02 .  In mixed oxygen-carbon-chlorine environments, the 
internal attack occurs by selective chlorination of chromium carbides which precipitate along 
the grain boundaries. 

1. Introduction. 

Alloys intended for sevice at elevated temperatures in reactive environments obtain their 
resistance to corrosion by the formation of a dense, adherent oxide layer which separates the 
metal ti-om the environment [I]. Because chromium oxide has protective characteristics and 
is more thermodynamically stable than the oxides of iron, nickel or cobalt, chromium is the 
element which provides the oxidation resistance in many such alloys used in the range of 600 
to 900 "C [2]. 

I n  complex industrial environments which contain more than one oxidizing species, the 
protective character of the chromium oxide film may be compromised, and corrosion may 
occur at a higher rate than in only oxygen [3]. Chlorine is present in some high temperature 
environments produced during incineration of municipal and industrial wastes [4,5], waste 
heat recovery from chemical and metallurgical processes [6,7], and combustion or conversion 
of low quality chlorine "contaminated" fuels [8,9]. 

High temperature corrosion by chlorine differs from corrosion by other oxidizing gases 
because of the volatility of many chlorides and oxychlorides at elevated temperatures [lo]. 
In mixed environments containing both oxygen and chlorine, the corrosion products can 
include both condensed species, typically oxides, and volatile species, typically chlorides or 
oxychlorides [I  11. The kinetics of the overall corrosion process are determined by the order 
in which the corrosion products form and by the morphology of the condensed corrosion 
products [12]. The rate of mixed oxidation-chlorination may be higher or lower than the 
rate of oxidation in uncontaminated oxygen depending on the chemistry of the system and 
temperature [13- 151. 

In chromium containing alloys, the formation of a protective oxide scale occurs by selective 
oxidation. Fe-Cr alloys and Ni-Cr alloys can both be subject to accelerated oxidation in the 
presence of chlorine [16,17]. Chromium containing alloys are also subject to accelerated at- 
tack in mixed carbon-oxygen environments [18]. Carbon penetrates into the alloy and reacts 
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with chromium to form chromium carbides preventing formation of a protective chromium 
oxide layer at the surface. Carbon is always present in combustion gases, so that corrosion 
in chlorine "contaminated" combustion gases is influenced by carbon, oxygen, and chlorine. 
This paper describes the results of experiments on iron-chromium and iron-nickel-chromium 
alloys in environments containing oxygen, carbon, and chlorine. 

2. Experimental details. 

Results on two alloys are described: Abinary Fe-Cr alloy containing approximately 20 % Cr by 
weight, and the austenitic Fe-Ni-Cr alloy 800H. The compositions of the two alloys are given 
in table I. The binary alloy had a composition close to that of AISI 430 stainless steel, but was 
prepared by induction melting electrolytic iron and chromium in air. It contained a higher 
concentration of the non-metal impurities nitrogen and oxygen and a correspondingly lower 
concentration of carbon than a commercial alloys. 

Table I. -Alloy com~ositions (weight %). 

The alloys were exposed to corrosive gas mixtures containing: 1) argon, oxygen and chlo- 
rine or 2) argon, carbon dioxide and chlorine in the apparatus shown schematically in figure 
1. Square test coupons approximately 1 cm x 1 cm x 1 mm were suspended from a fused 
silica rack in the center of a fused silica reaction tube. The reaction tube was heated to the test 
temperature using an electrical resistance furnace with Kanthal heating elements. To exclude 
air from the tube, it was closed at the bottom and sealed at the top by a water cooled brass 
cap. The spine of the sample rack was a fused silica tube which also carried the reactive gas 
mixture into the furnace. Gas mixtures were prepared by mixing technical grades of argon, 
oxygen, carbon dioxide and chlorine, supplied as mixture of argon-3.5 % Cl2 by volume. The 
argon and oxygen were purified by passage through packed columns of anhydrous calcium 
sulfate for water removal and Ascarite for CO2 removal. The Ar-3.5 % C12 mixture was dried 
in a column of anhydrous calcium sulfate. 
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Fig. 1. - Schematic diagram of apparatus for long term testing of metal coupons in chlorine containing 
gas mixtures. 

Experiments were initiated by suspending four specimens of the test alloy from the rack 
and purging the reaction tube with purified argon. The furnace was heated to the test tem- 
perature in this inert environment. When the temperature was stable, the argon was replaced 
by the corrosive gas mixture flowing at a velocity of 1.5 cm s-I at the reaction temperature. 
After 50, 100, and 200 hours of exposure, the furnace was cooled to room temperature and 
one specimen was removed. The fourth specimen was removed after 400 hours of exposure. 

After removal from the furnace, the specimens were weighed to determine the change in 
mass. They were then mounted and cross sectioned to determine the loss in section thickness 
and to characterize the internal attack by optical and electron microscopy. 

3. Results. 

Ar-02-C12 ENVIRONMENT. - Figure 2 shows the loss in section thickness from the Fe-20 % Cr 
and alloy 800H specimens tested in Ar-20 % 02-2500 ppm C12 at 1200 K. The mass changes 
in the specimens were appropriate to the changes in section thickness. The metal loss from 
the Fe-20 % Cr alloy was approximately parabolic with time as would be expected when a 
protective scale is formed, while that from the 800H alloy had a linear time dependence, but 
a significantly smaller total magnitude. 

Specimens from the two alloys were examined for internal attack. None was detected in 
the Fe-20 % Cr alloys, while for the 800H alloy, internal corrosion was detected as shown in 
figure 3. The internal corrosion took the form of porosity along the grain boundaries of the 
alloy near the corroded surface. The depth of penetration of the internal corrosion from the 
surface of the specimen was a parabolic function of time as shown in figure 4. 
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Fig. 2. - Loss in thickness versus time for Fe-20 % Cr and alloy 800H in Ar-20 % 02-2500 ppm GI2 at 
1200 K. 

Fig. 3. - Internal corrosion in alloy 800H after 200 hours exposure to Ar-20 % 02-2500 ppm C12 at 
1200 K. 

Internal corrosion has also been observed in a number of commercial alloys exposed to 
mixed oxygen-chlorine gases at elevated temperatures [19,20]. The lack of internal corrosion 
in the binary alloy provoked interest in the role of carbon in the internal corrosion process. 
The binary alloy, which did not experience internal corrosion, differed from the commercial 
alloys in that it contained a lower concentration of carbon and it had a ferritic structure in 
which carbon has a lower solubility. 
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Fig. 4. - Internal attack of alloy 800H at 1200 K in Ar-20 % 02-2500 ppm Cla and Ar-20 % C02-2500 
ppm Cln. 

Fig. 5. - Loss in thickness versus time for Fe-20 % Cr and alloy 800H in Ar-20 % C02-2500 ppm C12 
at 1200 K. 

Ar-C02-C12 ENVIRONMENT. - Figure 5 shows the metal losses from the Fe-20 % Cr and 
800H specimens exposed to Ar-20 % C02-2500 ppmC12 at 1200 K. Both alloys were attacked 
much more rapidly in this gas mixture than in Ar-02-C12. The Fe-20 % Cr alloy specimen 
was completely consumed before the end of the 400 hour exposure but examination of the 
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Fig. 6. - Internal corrosion in alloy 800H after 100 hours exposure to Ar-20%Co2-2500 ppm C12 at 
1200 K. 

specimens exposed for shorter periods showed that there was no internal attack. The rate 
of consumption of the 800H specimen was substantially lower than that from the Fe-20 % 
Cr specimen, was a parabolic rather than linear function of time, but was still substantially 
higher than it had been in the environment which did not contain carbon. 

In addition to the increased met61 consumption, the 800H specimen also experienced 
accelerated internal attack as shown in figure 4. The form of the internal corrosion was 
similar to that produced in Ar-20 %02-2500 ppm GI2, as shown in figure 6, but the depth of 
attack was much greater. After 400 hours of exposure, the internal corrosion had penetrated 
to the center of the specimen in some regions. The kinetics of the internal attack were also 
approximately parabolic as shown in figure 4. 

4. Discussion. 

Although the overall rate of oxidation of the alloys was increased by the addition of chlorine 
to the oxidizing environments, internal corrosion was the primary focus of this work. No 
internal corrosion was found in the binary Fe-Cr alloy and the rate of internal attack in the 
commercial alloy 800H increased when carbon was present in the environment. The rate of 
internal attack of alloy 800H in the carbon containing environment was much higher than the 
rate of internal chloridation of a binary Ni-Cr alloy at a similar temperature [2 11, indicating 
that the mechanism is more complex than simple internal chloridation. These results suggest 
that carbon plays a critical role in the internal attack of chromium containing alloys in chlorine 
containing environments at elevated temperatures. 

The following mechanism is hypothesized for the internal corrosion: carbon contained 
in the environment dissolves in the alloy, and combines with chromium in the alloy to form 
chromium carbides at the grain boundaries. The surrounding grains are depleted in chro- 
mium. Chromium forms a more stable chloride than iron or nickel, and therefore the chlo- 
rine consumes the chromium carbides to form volatile chromium chlorides but its reaction 
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with the surrounding metal is limited by the low chromium content of this metal. The corro- 
sion takes the form of tortuous pores which follow the grain boundaries into the alloy. The 
volatile chlorides diffuse out of the alloy through the pores while the carbon combines with 
chromium in the alloy to form additional carbides on the grain boundaries ahead of the pores. 
The overall rate of the process is controlled by transport of chlorine and/or chlorides through 
the pores, leading to parabolic kinetics. A similar mechanism has been proposed to explain 
internal corrosion in cobalt based alloys in chloride containing molten salt environments [22]. 

The binary Fe-Cr alloy had a lower carbon content than the 800H and was ferritic at the 
test temperature. It experienced only external corrosion in both test environments. When 
the 800H was corroded in Ar-20 %02-2500 ppm Ch, the carbon content of the alloy was 
sufficient to cause chromium carbide precipitation on the grain boundaries and support in- 
ternal corrosion. In Ar-20 %C02-2500 ppm C12, the additional carbon in the environment 
accelerated the internal attack. 

5. Conclusion. 

Internal corrosion of chromium containing alloys in chlorine containing environments is ac- 
celerated by the presence of carbon. Because carbon is present in most combustion envi- 
ronments, internal attack is likely to be more severe in such environments than would be 
expected based on laboratory studies performed in environments without carbon. 
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