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HIGH-TEMPERATURE CORROSION OF METALLIC ALLOYS 
IN AN OXIDIZING ATMOSPHERE CONTAINING NaCl* 

J, I. Federer . 
ABSTRACT 

A particular heat-exchanger application involved metallic 
alloys exposed to flue gases of an aluminum remelt furnace. 
Because the flue gases might contain NaCl and other halides, the 
corrosion behavior of the alloys was to be investigated. Planned 
direct exposure of candidate alloys to the flue gases, however, 
was not conducted because of premature termination of the 
project. 
commercially available alloys and two nickel aluminides. 
materials were exposed to an oxidizing atmosphere containing 
0.06 wt % NaCl for 1100 h at 1000°C. Most of the alloys ex- 
hibited grain-boundary attack, which resulted in complete 
oxidation of enveloped grains. 
Incoloy 800, Inconel 625,  Inconel 601, Hastelloy X, Haynes 188, 
and nickel alwninide IC-50 were substantially more corroded than 
Alloy 214 and nickel aluminide IC-221. 
therefore, would probably be superior to the others in appli- 
cations involving flue gases containing NaCl. Strength, 
fabricability, and weldability, which are briefly discussed, 
would also affect selection of materials. 

Complementary laboratory testing was conducted on seven 
These 

The alloys Incoloy MA-956, 

The latter two alloys, 

INTRODUCTION 

Heat-exchanger systems sponsored by the U . S .  Department of Energy in 

The recuper- recent years have used both ceramic and metallic materials. 

ator systems developed and tested by Babcock & Wilcox and by AiResearch 

Manufacturing Company each had ceramic tube recuperators in series with 

metallic alloy plate-fin recuperators. ‘ p 2  

developed and tested by Aerojet Energy Conversion Company used metallic 

alloys for the distributor plate, steam tubes, containment walls, and dis- 

tributor plate cleaning apparatus.3 

The fluidized-bed heat exchanger 

The raining-bed heat exchanger concept 

* Research sponsored by the Waste Energy Kecovery Program, Office of 
Industrial Programs, U.S. Department of Energy, under contract DE-AC05- 
840R21400 with Martin Marietta Energy Systems, Inc. 
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developed by Tecogen, Inc., used metallic alloys for many critical 

components. During normal operation, the metallic components in these 

applications will be contacted by flue gases at temperatures up to -1000°C. 

The flue gases of many industrial furnaces contain various corrosive com- 

pounds, including alkali halides and sulfates. These compounds are cor- 

rosive to soiiie metallic alloys and ceramic materials, the severity of cor- 

rosion being a function of flue-gas composition and temperature. 

st-rength and corrosion behavior are important factors i n  selecting 

materials for specific applications. 

Thus, 

The raining-bed heat exchanger was being developed by Tecogen, Inc., 

for installation and performance testing on an aluminum remelt furnace at a 

host industrial site. The project was prematurely terminated because of a 

labor strike at the host site and because of change of  ownership of the 

host facility. Metallic alloys had been selected for plates, baffles, and 

structural members of the heat exchanger. The results of  earlier studies 

indicated that some corrosion would occur. Whereas a compact metallic 

plate-fin recuperator probably could not operate successfully at 1000°C or 

higher because of oxidation, corrosion, and distortion, the raining bed was 

designed to be relatively unaffected by the effects of high temperatures 

through the use of initially thick cross sections and large flue gas 

passages, Nevertheless, additional information on the corrosion behavior 

of materials was needed to optimize the design for future applications. 

Planned corrosion testing included installation of specimens of  

various alloys in the heat exchanger f o r  exposure during performance tests. 

Sulisequent retrieval and examination of the specimens would indicate the 

relative corrosion behavior of the materials. Concurrently, testing was t o  

be conducted in a laboratory furnace to coinpare the oxidation and corrosion 

behavior of  various alloys under cont-rolled conditions using a single cor- 

rosion species. These data were intended to supplement the exposure test 

in the heat exchanger by indicating the relative susceptibility of the 

alloys to corrosion and by revealing corrosion modes. Because the project 

was prematurely terminated, only some of the laboratory testing was done. 

The results of that work are discussed herein. 

Metallic alloys were exposed to oxidizing and corrosive atmospheres at 

1000°C in laboratory furnaces. Weight changes and depth and character of 
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attack were determined. The alloys were then compared for the intended 

application on the basis of the corrosion results and other available 

properties. 

ALLOYS TESTED 

The nominal compositions of the alloys are shown in Table 1. Seven 

commercially available Fe-, Ni-, or Go-based alloys and two recently 

developed nickel aluminides were used. Most of the alloys contain 

substantial amounts of Cr for resistance to high-temperature oxidation, 

Two alloys, Incoloy MA-956 and Alloy 214,  contain about 4.5 wt % A 1  f o r  

improved resistance to oxidation. Incoloy MA-956 also contains Y,O, 

particles for dispersion strengthening. Haynes 188 and Alloy 214 contain 

La and Y, respectively, for increasing the adherence of oxide films formed 

during exposure to oxidizing environments. Other elements are included in 

the alloys to improve high-temperature strength and creep properties. 

EXPERIMENTAL PROCEDURE 

Two sets of specimens measuring about 19 mm by 25 mm were prepared 

from sheet material of various thickness. The thickness of  the specimens 

was measured with a micrometer caliper at the four corners and the middle 

to obtain an average value, and the specimens were weighed. 

were then placed in an alumina boat in a 6-em-ID alumina furnace tube for 

exposure to the flowing atmospheres. The arrangement of specimens in the 

boat allowed access of the atmosphere to all surfaces. One set of speci- 

mens was exposed to Atmosphere 1, the simulated combustion products of CH, 

with 10% excess air (Table 2). This atmosphere was prepared by bubbling 

metered quantities of air, N,, and GO, through water at about 65°C. The 

other set of  specimens was exposed to Atmosphere 2, which consisted of N,, 

0,, H,O, and a small concentration (0 .06  wt % >  of NaCl vapor (Table 2). 

The NaCl vapor was formed by evaporation from a crucible in the furnace 

tube. The latter atmosphere was not intended to simulate an actual 

combustion atmosphere. Instead, the intent of the experiment was to 

The specimens 
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Table 1. Alloys used in high-temperature corrosion test 

Alloy 

Nominal composition 
(wt %)a Source b 

A1 Co Cr Fe Ni Ti Other 

Incoloy MA-956 
Incoloy 800 
Inconel 625 
Inconel 601 
Alloy 214 
Hastelloy X 
Haynes 188 
Nickel aluminide 

N i c ke 1 a 1 um in i de 
IC-50 

IC-221 

4.5 20 bal . 0.5 
0.3 21 bal. 31 0.3 
0 . 4  1 22 5 58 0.4 
1.3 23 14 bal. 0.3 
4.5 1 6  2.5 bal. 

1.8 22 1 9  bal. 
bal. 22 3 22 

11.3 bal . 

8.5 7.8 bal 

0.5 Y,O, A 
A 

9 Mo, 3.7 Nb+Ta A 
A 

Y (present) B 
9 Mo, 0 . 5  W B 
15 W, 0.1 La B 
0.02 B, 0.6 Z r  C 

0.02 B, 1.7 Zr C 

aThese alloys typically contain small amounts of C, Mn, P, S ,  and Si. 

bA - Huntington Alloys, Inc. ; B - Cabot Corp. ; C - ORNL. 

CBalance. 

Table 2. Atmospheres for corrosion testing of 
metallic alloys at 1000°C for 1000 h 

Atmosphere 1 - 
synthetic combustion products 

of CH, with excess aira Component 

Atmosphere 2 - 
oxidizing atmosphere 
containing NaCl vapor b 

vol 3 wt ?i 

73.9 74.3 
1.7 2.1 
8.4 1 3 . 3  
16.0 10.3 
0 0 

vol % wt % 

6 4 . 9  67.9 
16.2 1 9 . 4  

0 0 
1 8 . 9  12.7 
0.02 0.06 

a-3000 cm3/min in 6-cm-ID furnace tube. 

b-8500 cm3/min during first 500 h, -1500 cm3/min during next 
500 h, in 6-cm-ID furnace tube. 
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. 

provide an oxidizing atmosphere in which the effect of a small 

concentration of NaCl on the relative oxidation behavior of the alloys 

could be assessed. 

Specimens were exposed to each atmosphere far about 1000 11 at 1000°C 

and 100 kPa. 

Specimens were brushed with a bristle brush to remove loose scale, then 

weighed. After the final exposures, specimens were sectioned for metallo- 

graphic examination and then oxidation or corrosion depths were measured 

microscopically. 

Weight changes were determlned after about 500 and 1000 h. 

RESULTS 

WEIGHT CHANGES 

All specimens had visible oxide layers. 

been least affected by either atmosphere. 

metallic luster to medium gray or black, except for nickel alwninide IC-50, 

which had a green surface. 

partially or completely adherent oxide layers. Oxidation of G o ,  Cr, Fe, 

and Ni causes weight increases of  about 27 to 4 6 % ,  depending on the 

particular oxide formed. Completely adherent layers, therefore, would 

cause a weight increase. The alloys, however, have significantly higher 

thermal coefficients of expansion than the individual metal oxides (Cr,O,, 

Fe,O,, etc.) and probably have higher thermal coefficients than the complex 

oxides that form during oxidation of  the alloys. 

lOOO"C, the metal-oxide interface is highly stressed, which causes 

detachment (spalling) of part of the oxide. Depending on the amount of 

spalling, the net weight can either increase or decrease, In addition, the 

volatility of oxides of Mo and W ,  which are present in several alloys, 

might affect the weights. 

Alloy 214 appeared to have 

Specimens changed from a 

Weight changes were caused by formation of  

During cooling from 

Weight changes occurring in Atmospheres 1 and 2 are shown in Table 3 .  

The weight-change rates are based on the initial surface areas and the 

exposure times. The results show that weight changes were generally higher 

in Atmosphere 2, which contained NaCl vapor, than in Atmosphere 1, except 

for Alloy 214 and nickel aluminide IC-221. As previously mentioned, 



Table 3 .  Wefghr changes in alloys 

-.... . .- .-.. 
Cumulative weight change rate 

(Pg/m2* S) 

Atmosphere I Atmosphere 2 

500 h 1000 h 600 h 1100 h 

Alloy 

Ineoloy MA-956 +4 +4 +4 I +236 
Incoloy 800 - 29 - 67 -405 - 523 
Inconel 625 -1 -4  J-7 7 - 448 
Inconel 601 19 - t l l  -221 - 1 0 6  
Alloy 214 +S 4-4 +1 +1 
Hastelloy X - 14 -23 +131 -t56 
Hayries 188 +5 +S a a 
Nickel aluminide 16 +a +197 +277 
IC-50 

IC-221 
Nickel aluminide +14 +17 -t18 +a 

aNot determined because of extensive reaction with 
ceramic support. 

however, the weight changes are strongly dependent on spalling. Although 

the weight changes indicate the relative corrosion behavior of the alloys, 

l r h e  depth of corrosion, discussed in the next section, is a more accurate 

indicator. 

DEPTH OF CORROSION 

The depth of corrosion was determined by comparing the original 

thickness with the thickness of  uncorroded material. The measurements 

required to determine this value are illustrated in Fig. 1. The original 

thickness (to) was measured with a microineter caliper at the four corners 

and center of  the specimens. After exposure, a sample w a s  mounted and 

polished so that a section perpendicular to the two major surfaces could be 

examined. The thickness of uncorroded material (tf) was determined at f ive  

locations within the section by measuring from the deepest grain-boundary 

penetration on one side to the deepest penetration on the opposite side. 
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ORNL DWG 86-18239 

GRAIN BOUNDARY 
ATTACK 

OXIDE SCALE \ 

fo =ORIGINAL THICKNESS 

ff = THICKNESS OF UNCORRODED MATERIAL 

- r f  :zz MEAN DEPTH OF CORROSION 
2 

Fig. 1. Measurements required to determine 
depth of corrosion. 

If there was no grain-boundary attack, measurements were made at the metal- 

oxide interface. 

calculate the mean depth of  corrosion. 

The average to and tf measurements were then used t o  

The depth of  corrosion w a s  greater in Atmosphere 2 than in 

Atmosphere 1, although only slightly greater f o r  Alloy 214 and nickel 

aluminide IC-221, as shown in Table 4 .  The results in Table 4 show t h a t  

the depth of  corrosion (oxidation) in Atmosphere 1 was about the same after 

500 and 1000 h, implying that the oxide layers were protective. In 
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Table 4 .  Depth o f  corrosion in alloys 

Depth of corrosion 
(mm) 

Alloy Atmosphere 1 Atmosphere 2 
I____ 

500 h 1000 h 600 h 1100 h 

Incoloy MA-956 0.01 0.05 0.03 0.51 
Tncoloy 800 0.29 0.28 0.24  0.55 
Inconel 6 2 5  0.03 0.04  0 . 3 1  0.45 
Inconel 601 0 .08  0.06 0.2b 0 . 3 6  
Alloy 214 0.01 0 0 . 0 3  0 .04  
Hastelloy X 0.01 0.01 0.12 0.27" 
Haynes 1 8 8  0 0.03 0.64  b 
Nickel aluminide 0.06 0.06 0.07 0.37" 

Nickel aluminide 0.10 0.09 0.03 0.10 
IC-50 

IC- 2 2 1  

Total thickness. a 

bNot determined because of  extensive reaction with 
ceramic support. 

Atmosphere 2, however, several alloys exhibited increasing attack with 

increasing exposure time, implying that the oxide layers were not 

protective. The behavior of Incoloy MA-956 was anomalous in that part of 

the specimen corroded to a depth of  only about 0.1 mm but to about 0 . 5  mm 

in other regions. 

formation o f  oxide layers and grain-boundary attack. 

A s  will be shown, the oxidation or corrosion caused 

The depth of corrosion does not necessarily correlate with weight 

changes (Table 3 )  because o f  spalling of  the oxide layers. Two alloys 

could have the same depth of corrosion but exhibit greatly different weight 

changes. In both cases, the same amount of material is oxidized o r  

corroded hut the net weight change depends on the adherence of the oxide 

layers, as previously discussed. 

The depth of corrosion f o r  the alloys is illustrated in Fig. 2. Two 

materials, Alloy 214 and nickel aluminide IC-221, exhibited significantly 

less corrosion than the others. As a reference point, a depth of corrosion 

of 0.1 mm in 1000 h extrapolates linearly to about 0.9 mm/year 

(-0.035 in./year). Alloy 214 and IC-221 had corrosion depths o f  0.1 mm or 



ALLOY 21 4 

NICKEL ALUMlNlDE 
IC-221 

INCONEL 601 

INCONEL 625 

IN COLOY 800 

HASTELLQY X 

NICKEL ALUMINID€ 

lNCOLOY MA-956 

HAYNES 188 

IC-50 

OR NL.DWG 89-2 125 

ATMOSPHERE 1, 1000 h fz!zzZi - ATMOSPHERE2, 1100 h EXCEPT FOR HAYNES 188 

TEMPERATURE 1000 C 

TOTAL THICKNESS - 606 h 

I I I I 1 

0 0.1 0.2 0.3 0.4 0.5 0.6 

DEPTH OF CORROSION (mm) 

F i g .  2 .  Depth of corrosion with and without NaC1. 



10 

less in 1000 h, whereas the other alloys had corrosion depths of about 

0 . 3  mm or more. 

These corrosion results are presented for the purpose of comparison 

and do not necessarily represent those that would occur in an industrial 

furnace environment containing NaC1. Corrosion rates of approximately the 

same magnitude, however, have occurred in some of the same alloys when 

exposed to flue gases at 1000 to 1100°C in an aluminum remelt f~rnace.~ 

Uncoated Inconel 625 and Alloy 214 had a corrosion rate of 2.8 mm/year, and 

Inconel 601 coated with A1 had a rate of 5.2 mm/year. On the other hand, 

Haynes 188 coated with A1 had a corrosion rate of  only 0 . 9  mm/year, which 

is much lower than that occurring in Haynes 188 in the current work. The 

results of the current work, which reveal differences in corrosion behavior 

among the various alloys, should be considered along with other factors, 

such as mechanical strength and fabricability, in selecting materials for 

specific applications. 

Microstructures of  materials exposed to both atmospheres in Figs. 3 

through 11 reveal three effects of oxidation or corrosion: formation of an 

oxide layer, subsurface oxidation, and grain-boundary attack. Formation of 

an oxide layer might cause less concern than the other two types o f  

corrosion. Uniform oxidation, such as that exhibited by Incoloy MA-956 

exposed to Atmosphere 1, causes gradual surface recession of the material. 

The load-bearing cross section of a material experiencing this type of 

surface recession would decrease with time at a predictable rate. 

Corrosion by subsurface oxidation and grain-boundary attack, however, 

occurs ahead of  the receding surface. The effective load-bearing cross 

section, therefore, would be less than that indicated by surface 

dimensions. Stress concentrations associated with the localized corrosion 

of subsurface oxidation and grain-boundary attack would probably accelerate 

failure of the material, much as that caused by stress-corrosion in aqueous 

environments. 

Figures 3 through 11 show that one or more o f  the three types of 

corrosion was generally more severe in Atmosphere 2. Tncoloy MA-956, for 

example, oxidized very little in Atmosphere 1 but corroded extensively in 

Atmosphere 2 (Fig. 3 ) .  Incoloy 800 oxidized or corroded extensively in 

both atmospheres (Fig. 4 ) .  Inconel 625 had subsurface oxidation in 
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Y211210 

I 
Y211217 

Fig. 3. Microstructure of Incoloy MA-956 exposed for -1000 h at 
100O'C. As polished. 
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Y211208 

Y211219 

Fig. 4. Microstructure of Incoloy 800 exposed for -1000 h at 
100O'C. As polished. 
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Y211211 

R 

Y211220 

Fig. 5. Microstructure of Inconel 625 exposed for -1000 h at 
1000'C. As polished. 
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Y211214 

Y211222 

I 

Fig. 7. Microstructure of Alloy 214 exposed for -1000 h at 
1000°C. As polished. 
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Y211209 

Y211223 

-A 
I 

L f  

Fig. 8. Microstructure of Bastelloy X exposed for -1000 h at 
1000°C. As polished. 

c 
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. 

R 

Y211421 

1 
- 

, 400pm , 

Fig. 9. Microstructure of Haynes 188 exposed for -1000 h at 
100O'C to Atmosphere 1 and for -600 h to Atmosphere 2. As polished. 
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Y211205 

Y211224 

- -  

, 400ym , 
Fig. 10. Microstructure of nickel aluminide IC-50 exposed for 

-1000 h at 100O'C. As polished. 

. 
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Y211206 

Y211225 

Fig. 11. Microstructure of nickel aluminide IC-221 exposed for 
-1000 h at 1000°C. As polished. 



Atmosphere 1, but grain-boundary attack is more apparent in Atmosphere 2 

(Fig. 5 ) .  Inconel 601 had more extensive grain-boundary attack in 

Atmosphere 2 (Fig. 6), whereas Hastelloy X and nickel aluminide IC-50 were 

essentially completely destroyed by grain-boundary attack (Figs. 8 and 10). 

Even Alloy 214, which had very little attack in Atmosphere 1, exhibited 

subsurface oxidation in Atmosphere 2 (Fig. 7) .  Haynes 188, which was only 

slightly attacked in Atmosphere 1, exhibited severe surface recession and 

oxide-layer growth in Atmosphere 2 (Fig. 9). Nickel aluminide IC-221, on 

the other hand, had similar grain-boundary attack in both atmospheres 

(Fig. 11). Generally, materials having grain-boundary attack as a result 

of exposure to Atmosphere 1 had more extensive grain-boundary attack during 

exposure to Atmosphere 2. Figures 4, 6, 8, and 11 indicate that grain- 

boundary attack envelope grains near the surface. 

region expands into the grains, gradually converting grains into the oxide 

surface layer. 

The grain boundary 

The possibility that the depth of attack was related to grain size was 

investigated. Microstructures of several alloys in Fig. 12 reveal that 

grain size alone did not control the depth of attack. 

IC-221, which had similar depths of attack, had greatly different grain 

sizes. Alternatively, the depth of attack in Inconel 601 was much more 

than that in Alloy 214, even though their grain sizes were similar. Grain 

size probably affects the corrosion rate of a particular alloy, but the 

results obtained herein show that the composition of the alloys was more 

important to corrosion behavior than grain size. 

Alloy 214 and 

DISCUSSION 

The results presented herein show that the depth of corrosion 

resulting from exposure to an oxidizing atmosphere containing NaCl was 

substantially less in Alloy 214 and nickel aluminide IC-221 than in the 

other materials. 

substantial amounts of Cr and Al. The other, less resistant materials 

include two Fe-base alloys (Incoloy MA-956 and Incoloy 800). three Ni-base 

Alloy 214 and IC-221 are both Ni-base alloys containing 
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Y212302 

I 

Y212298 

Fig. 12. Relative grain sizes I of alloys. (a) Alloy 214; 
(6 )  IC-221; (c) Inconel 601; 
(a)  Inconel 625; (e) Incoloy 800. 
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alloys containing refractory metals (Inconel 625, Inconel 601, and 

Hastelloy X), a Co-base alloy (Haynes ISS), and nickel aluminide IC-50, 
containing no Cr. 

this study, chemical alteration of the normally protective oxide film is 

suspected to be involved. The NaCl might have reacted with the oxide film 

to produce other oxides via reactions such as 

Although the corrosion mechanism was not determined in 

3 4NaC1 + Cr,O, + 2H,O + p2 -* 2Na,O*Cr,O, + 4HC1 
and 

2NaC1 + Fe20J + H,O + Na,O*Fe,O, + 2HC1 . 
As a result of such reactions and compound formation, the normally 

protective oxide film might be chemically altered. Diffusion rates of 

metals and oxygen in the oxide film might be enhanced, which would cause a 

greater amount of oxidation and larger weight changes. 

would be similar to those occurring in the SiO, film on Sic exposed to 

oxidizing atmospheres containing alkali compounds. 

These reactions 

The corrosion behavior of Alloy 214 and nickel aluminide IC-221 

suggests that the two alloys are candidate materials for heat exchanger and 

other high-temperature applications in atmospheres containing NaC1. Other 

factors important to materials selection include fabricability, welda- 

bility, and mechanical properties, particularly creep strength and rupture 

life. 

shapes and sizes from commercial vendors. Most of the alloys are available 

in standard mill forms, such as plate, sheet, rod, tubing, and wire. One 

exception is Incoloy MA-956. Although this alloy might be fabricable in 

various forms, only information on sheet material is available. Similarly, 

nickel aluminides potentially can be fabricated into various shapes; 

however, the fabrication technology is not yet mature. Currently, 

properties are being obtained on cast and rolled sheet. 

Fabricability refers to the availability of a material in required 

Weldability in the present context refers to the ability to join 

materials to themselves without causing significant degradation of physical 

and mechanical properties. A s  in the case of fabricability, all of the 

alloys except MA-956 and the nickel aluminides can be welded by well- 

established techniques. Welding of MA-956 causes redistribution of 

dispersoid particles and an attendant degradation of mechanical properties. 
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* 

In the case of nickel aluminides, cracks in the welds have been a problem. 

Welding also affects the long-range atomic order that had previously been 

established by selected heat treatments. 

mechanical properties occurs. 

of large assemblies might be difficult. 

As a result, some degradation of 

Restoring the properties by heat treatment 

Although specifications for creep strength, rupture life, and other 

mechanical properties might be required in designing a heat exchanger, the 

ultimate tensile strength (provided by the manufacturers) is used in this 

discussion. The ultimate tensile strength is shown at 6 0 0 ,  800, and 1000°C 

in Table 5 .  Projected annual corrosion rates, fabricability (availability 

in various shapes), and weldability are also shown in Table 5 to provide a 

comparison summary. 

compromises because none of the materials are clearly superior to the 

others in terms of all factors presented in Table 5. The combination of 

very low corrosion rate, good fabricability and weldability, and moderate 

strength make Alloy 214 a highly ranked candidate for applications in high- 

temperature, NaC1-containing atmospheres. Nickel aluminide IC-221, which 

is significantly stronger than the other alloys at 1000°C and had the 

second lowest corrosion rate, is another good candidate if fabrication and 

welding problems can be solved. 

probably impose a penalty in strength or corrosion rate. 

Selection of a single material would involve 

Selection of one of the other alloys would 

Resistance to corrosion in a NaC1-containing atmosphere does not imply 

resistance to other atmospheres. For example, Ni-base alloys are sus- 

ceptible to severe corrosion in atmospheres containing sulfur because o f  

formation of various nickel sulfides .’ These sulfides can cause formation 

of liquid phases at or below typical heat exchanger temperatures. 

a Ni-Ni,S, eutectic occurs at 645°C.  Liquid phases destroy the protective 

oxide layers on alloys and cause catastrophic corrosion. Iron-base alloys 

have better resistance to sulfur than Ni-base alloys. Laboratory tests of  

various alloys in a simulated fluidized-bed combustor atmosphere 

demonstrated the poor performance of Ni-base alloys. Austenitic stainless 

with 8 to 22% Ni (types 3 0 4 ,  316 and 310) exhibited substantially less 

corrosion than Incoloy 800 (-31% Ni), Haynes 188 (-22% Ni and -38% Co), and 

RA-330 (-35% Ni). Nickel aluminide IC-50 developed a nickel sulfide phase, 

In fact, 



Table 5 .  Characteristics of alloys 

Corrosion Ultimate tegsile 

strength rateb 
(MPa) Available shapes Weldable Alloy 

mm/year in./year 600°C 8 0 0 ° C  1000°C 

Incoloy MA-956 
Incoloy 800 
Inconel 625 
Inconel 601 
Alloy 214 
Hastelloy X 
Haynes 188 
Nickel aluminide 

IC-SO 
Mickel aluminide 

IC-221 

275 
475 
895 
550 
690 
605 
730 
735 

1190 

140 
180 
450 
200 
525 
405 
570 
550 

930 

100 
55 
14 0 
70 
12 0 
155 
230 
275 

370 

4.1 
4.4 
3.6 
2.9 
0.3 

>2.2 
9.3 

>2.9 

0.8 

0.16 
0.17 
0.14 
0.11 
0.01 

>o. 08 
0.37 

BO. 12 

0.03 

Sheet 
Standard mill 
Standard mill 
Standard mill 
Standard mill 
Standard mill 
Standard mill 
Standard mill 

Sheet 

No 
forms Yes 
forms Yes 
f o m s  Yes 
f o m s  Yes 
f oms Yes 
forms Yes 
forms N o d  

Nod 
N 
.F\ 

From manufacturers' data in the case of commercial alloys; private communication from a 

C. T. Liu (ORNL) in the case of nickel aluminides. 

Table 4. 
oxidizing atmosphere containing NaCl at 1000°C. Rates projected from data in 

'Welding causes redistribution of dispersoid and loss of strength. 
dWelding procedures are not yet established. 
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which would eventually cause severe attack, whereas Fe-base aluminides 

formed more protective (Fe, A l )  oxides. 

Selection of materials for heat exchanger applications, therefore, 

require an assessment of corrosion behavior, mechanical properties, 

fabricability, and weldability. The selected material will probably 

represent a compromise among these factors. 
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