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ABSTRACT 

The construction and use of binary thermodynamic equilibrium 

stability diagrams which can be used to interpret metallic corrosion 

behavior in elevated temperature oxidizing and sulfidizing environments 

is presented. Interpretation of the behavior of 310 stainless steel 

in environments containing the sulfur and oxygen potentials found in 

three typical coal gasification processes is discussed. The limita

tions of sta1:dlitydiagrams as predictive devices are also discussed. 



A THERMODYNAMIC ANALYSIS O~ THE CHEMICAL SrABJtIrY OF BINARY COMPOUNDS 
FORMED ON 310 STAI:NLESS STEEL IN COAL GASIFICATION ENVIRONMENTS 

I . INTRODUCTION 

One particularly critical problem in the production of synthetic 

natural gas (SNG) from coal is a suitable material for metallic internal 

components of the reaction vessel. The alloys must have long term cor-

rosion resistance at temperatures in the range of 700-1000°C. The 

environment in a gasifier contains hydrog'en, water, carbon dioxide, car-

bon monoxide, methane and hydrogen sulfide (see Table I). As a result, 

1 

formation of oxide and sulfide scales on the metal internals ·of the gasi-

fier can be anticipated. Since the operating temperatures are high, some 

of the sulfide layers, particularly those containing high concentrations 

of nickel, can be liquid. This will present additional problems since 

the adherence of any protective oxide will be hampered by liquid sulfide 

layers. Since the major solid reactant in the gasification process l.S 

coal char, gasifier materials must also withstand high temperature erosion. 

A stainless steel containing a high percentage of chromium is a 

reasonable initial choice for a material to be used in such an environment. 

It has been shownl that a Cr203 layer provides good protection against 

further oxidation. As shown in Table II, 310 stainless steel not only 

has a high percentage of chromium, but also has sufficient nickel to 

retain considerable high temperature strength. As such, it appears ideal 

for use in the aggressive environments of coal gasifiers. 

Thermodynamically, however, the situation is not so simple. Various 

authors have attempted to predict what will happen to pure metals when 

exposed to oxidizing and sulfidizing environments 2- 5. Gulbransen and 
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Janssen2 have used chemical stability diagrams to show the equilibrium 

conditions at a variety of oxygen and sulfur partial pressures. When 

there is sufficient thermochemical data, the construction of such dia

grams is straightforward and useful'in predicting the stable oxide and 

sulfide layers in equilibrium with the metal. Rapp,. in a more recent 

paper5 , shows how stability diagrams can be used to preduct the corrosion 

behavior, of alloys in aggressive environments. He also shows how the 

activity pf the metal in the alloy alters the positions of the equilibrium 

phases with respect to the sulfur and oxygen potentials. As yet, very 

Ii ttle thermodynamic data is available on ternary alloys. As such data" 

become available, stability diagrams for ternary alloys can be con

structed. 

The purpose of this paper is to present binary compound stability 

diagrams of the principal alloying elements in 310 stainless steel in 

the presence of 02 and 82 .at three different temperatures: 1000oK, 

llOOoK, and l22rKo The temperature, l227°K(954 °C), is a raw product 

gas temperature in the 8ynthane gasification process8 . The limitations 

of the diagrams as well as what data still needs. to be determined is 

discussed. 



II. DESCRIPTION OF THERMODYNAMIC STAB;I:LITY DIAGRAMS 

From the Phase rule, a ternary alloy will have 5-P degrees of 

freedom where P is the number of equilibrium phases. Considering a 

specified temperature and that a gas phase is always present, the system 

has 3~Pc degrees of freedom where Pc represents condensed phases in 

equilibrium at one temperature. Thus, three condensed phases define a 

point, two phases define a line and one phase defines an area in a 

two-dimensional diagram. For estimating corrosion behavior, a useful 

stability diagram is one in which the coordinates are sulfur and oxygen 

partial pressures. If the vertical axis represents the sulfur partial 

pressure (PS ) and the horizontal axis the oxygen partial pressure (Po ), 
2 . . 2 

then any vertical lines in the diagram represent metal-oxide or oxide-

oxide equilibria and any horizontal lines metal-sulfide or sulfide-

sulfide equilibria. Lines representing solid-solid equilibria in which 

both P and P vary will have.a slope between 0 and 00 in these diagrams. 
02 S2 

For example, in Figure 1 the Fe-S-O system is represented at 

-15 is less than 10 atm, one can consider what happens as 

-15 
than 10 atm, only Fe is stable. As is varied. If Po is less 

2_15 
increases above 10 atm, FeO becomes thermodynamically stableo As· 

P
02 

continues to increase, the alloy moves into regions where Fe304 and 

-2 . 
Fe

2
03 are stable. Finally, as Po becomes greater than about 10 atm, 

2 
FeS0

4 
becomes stable. 

Now consider what happens with increasing P
S

• IfP is held at 

3 

2 °2 
10-

20 
atm, and Ps is allowed to increase, iron is stable untilPS reaches 

2 2 
about 10-6 atm. The alloy enters a region where FeS is stable until 

. .4 
reaches a value of about 10 atmo At that point, FeS 2 becomes stable 
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Figure 1. Fe-S-O system at l227°K (954°). 

H - Hygas, S - Synthane, C - Consol 



and will be the predominate phase present. 

The slanted lines are determined by the equilibria between the 

various phases independent of the unreacted metal in the surface. Once 

again refer to FigureL Moving vertically from the point where log Po 
2 

is -10 to the region where logPS is between loS and 2.0; this region 
. 2 

straddles the line separating the stable FeS and Fe304 phases. Going 

f f f 01.S f 1 2 rom a suI ur partial pressure 0 approximately 1 to one 0 0 atm, 

moves to a region where Fe
3
0

4 
is no longer stable and will no longer 

formo If an Fe
3

04 phase already exists, the Fe
3
04 ~ FeS equilibrium 

wilt shift towards the FeS side and the Fe304 that already exists will 

react with sulfur to form FeS. 

Figure 2 shows the Cr-S~O system at l227°K. In this system, there 

are three stable regions, Cr, Cr20
3

, and CrxSyO Therefore, there are 

only three species that need to be considered when looking at chromium's 

behavior in sulfur and oxygen environments. The Cr S region is a region x y 

where a number of higher sulfides occur (CrSS6, .Cr7SS+' Cr2S
3

, Cr
3

S4). 

Young, et aI, have reported on the thermodynamics and nonstoichiometry 

of these sulfides at 973°KlO • These data cannot be extrapolated to 

l227°K with sufficient assurance. However, as will be shown later, the 

sulfides are not stable in the coal gasification environments. 

The Ni-S-O system at 122rK is shown in Figure 3. There are impor-

tant differences occurring in this diagram as compared to Figures 1 and 20 

First a liquid phase is stable. Nickel forms 

eutectic above 923°Ko The solid line for the 

a low melting Ni-NiS 
y 

Ni-NiS (t) equilibrium is 
y 

calculated from the data of Rosenqvist9 and is not related to the stoi-

S 
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Figure 2. Cr-S-O at 1227°K (954°C). 
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Figure 3. Ni~S-O system at 1227°K (954°C). 
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chiometry of the sulfide. Second, this liquid is of uncertain composi-

tion and hence its free energy of formation is also uncertaino It is not 

possible, therefore, to calculate the free energy of NiS (~) - NiO or 
y 

the NiS (~)-NiS04 equilibria so the dotted lines indicate regions where 
.y 

these equilibria can be expected to occur but where no hard data is 

available. Data on more complex, solid sulfides of t:lickel, NiS
l
+

x 
and 

Ni
3

S2+x are also not available. 

In Figure 4 the three different individual diagrams are overlayed 

to show the individual sulfide and oxide species that are stable at a 

given partial pressure of oxygen and sulfur. For example, where 

-7 -14 
~ 10. and Po ~ 10 atm, there is a region where FeO, Cr203 and. 

2 
NiS (~) are all shown to be stable. 

y 
It has been stated by Stringer3 that 

Cr 203 is a useful protective s,cale because it is dense, has relatively 

few lattice defects, and grows quite rapidly on the surface. However, 

in this region of the diagram, the stable sulfide phase is NiS (~),'which 
y 

degrades the alloy as it forms. If the protective Cr203 scale is formed 

first, it will serve to protect the surface only until it sp'alls or 

cracks, leaving short circuit pathways for rapid sulfur diffusion through 

the scale. This will lead to essential failure of the component. The 

diagram itself does not predict this 'kinetic behavior. However, it does 

open this up as a possibility. Figures 5 and 6 are similar diagrams at 

1000° and llOOoK respectively. Besides the solid nickel sulfide phases, 

all phases become more stable at lower temperatures and can exist at 

lower Po and P
S

• However, FeO does not appear at 10000K because 'it is 
2 2 

not stable. 

8 
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Figure 4. Combined diagrams showing behavior of 
310 stainless steel at 1227°K (954°C). 
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Figure 5. Combined diagrams showing behavior of 
310 stainlesssteel at 1000 0 K (727°C). 
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Fieure 6. Combined diagrams showing behavior of 
310 stainless steel at 11000K (827°C). 
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IlL CONSTRUCTION OF THERMODYNAMIC STABILITY DIAGRAMS 

The actual construction of the diagrams requires 1] the free energy 

and 2] the equilibrium equation of the reaction. The types of equili-

brium that make up the diagram can be divided into three categories: 

[1] those involving only O2 and a solid phase, [2] those involving only 

S2 and a solid phase, and [3] those involving O2 , S2' and a solid phase. 

Those in category [1] map out a vertical line, and those in [2] map out 

a horizontal line, and those in [3] map out a sloped line. 

As an example, the Fe-FeO, Fe-FeS, and the FeO-FeS equilibria at 

l227°K will be calculated in.terms of their respective oxygen and 

sulfur potentials" 

The free energy of the reaction: 

Fe (s) + 112 O;(g) = FeO(s) (1) 

is [)'Go1227 = .,..43,71kcal/11101e and the activity of the tron is 0.516. 

The free energy·equation is then 

-43,710 -RTln (aFeO) • 

(.516) (PO )1/2 
2 

(2) 

The activity of FeO can be assumed to be 1.0 so Eqo (2) then becomes 

-43,710 - RTln.516 



or 

On the diagram, this maps out as a vertical line extending from 

log PO. = -14.99. 
2 

For the equilibrium 

f:.GP1227 = -40.88 kca1/moie. Therefore 

2FeS(s) 

-40,880 = -RT1n 1 

(.516)2(P
S 

) 
2 

(3) 

(4) 

(5) 

(6) 

This is a horizontal extending from log Ps = -6.71 to log Po = -14.99. 
2 2 

The region to the left of the FeO region and below the FeS is that in 

which neither is stable. However, pure Fe is. 

For the equilibrium 

(7) 

f:.GP1227 = -23.27 kca1/mo1e and the expression then becomes 

13 



which then simplifies to 

19.09 = = InPS 
2 

(8) 

(9) 

This is a line with a slope of one and maps out the equilibrium between 

the FeS and FeO phases. 

o 
Obtaining the data for the equilibrium calculations is a critical 

step in constructing the diagrams. All data used is tabulated in 

Table III. Those which are uncertain are also indicated. Determining 

values for the metal activities was not easy. Only since about 1970 has 

any hard data become available from mass spectrometric and electro-

chemical techniques on the activities of metals in ternary 6 alloys ' 7 

Belton and Fruehan 6 
their data the activities in Fe-Ni-Cr report on 

7 

14 

alloys at l600°C and in the liquid state. Mazandarany and Pehlke report 

theirs for the solid state alloys but only report the chromium activity. 

However, their values at l200°C compare quite well with values Belton, 

et aI, calculate for Cr at l600°C.· Table II shows the percent composi

. 14 
tion and activities of the principal alloys in 310 stainless steel • 

The activities, of course, will change with temperature but these values 

are a better approximation than the mole fractions o The values for the 

partial pressures will not be changed by more than the difference between, 

the logarithms of the real activity and the ci:tlculated activity, a change 

of probably less than 20%. 
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IV. APPLICATIONS OF DIAGRAMS 

The small squares labeled H, C; and S on each diagram represent 

values of the partial pressures of oxygen and sulfur in the Hygas (H), 

Consol (C), and Synthane (S) gasitiers. These partial pressures were 

derived from the mole percent gas compositions for the gasifiers as 

11 reported by MacNab 0 Table I includes the mole percent values for 

hydrogen, water and hydrogen sulfide for each process. These values 

were ins.ert-ed into the H2/H
2
0 and HzlH2S equilibrium expressions. The 

equilibrium constant, calculated at the appropriate temperatures, was 

used to determine the Ps 
2 

and P value for the three regions. 
°2 

They are 

useful in comparing ranges of operating conditions and expected stable 

phases in the different gasification processes o 

In Figure 1, the small square labeled S, corresponds to the approxi-

mate sulfur and oxygen potentials on the Synthane gasifier. Most of it 

appears in the region in which FeS is. stable. However, one corner of it 

intrudes into the region where FeO is stable. Thus it appears that in the 

Synthane gasifier, the major stable iron compounds will be PeS and FeO. 

The Synthane gasification process runs its primary gasifier at about 

950-960°C, which is below the 988°C at which Fe-FeS forms a eutectic. 

This temperature is probably about 10°C lower in Fe-O-S systems. Like 

the Consol and Hygas processes, it is a high BTU process; that is, the 

final product gas from all three processes h~s a BTU content of approxi-

mately 1000 BTU/SCF, suitable for direct insertion into the country's 

natural gas pipeline distribution system. 

As indicated in Figure 4, at l22rK, the stable phases for the Hygas 

and Synthane gas compositions are NiSy(.R.), FeS, and Cr203u The Cr203 
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phase could be quite useful as a protective oxide layer in the high

temperature environment 0 On the other hand, the FeS and, especially the 

nickel sulfide liquid which can possibly form, could be extremely detri

mental to the performance life of a metal componento Which products 

actually form is a function of the complex, competitive kinetics of the 

reactionso The Consol process product gas is in a region where only the 

Cr
2
0

3 
phase is stable. At lOOOoK, both the Hygas and Synthane processes' 

sulfur and oxygen potentials predict the formation of Ni3S2+x ' a solid 

at that temperature. 

The nickel sulfides will form in competition with FeS and Cr203 and 

the total scale composition will depend upon the relative rates of forma

tion" The main competition will be for sulfur between Fe and Ni. In· 

Table IV the sulfur· pressures above which one would expect to find 

FeS(s) and NiS(~) in competition for the sulfur are shown o To kriow 

just which will be the predominate phase requires a detailed knowledge 

of the ternary Fe-Ni-S system and the controlling kinetics. 

If Cr20
3 

could be made to successfully compete with the formation 

of the sulfides, it could serve as a protective scale. One way to 

accomplish this is preoxidationof all exposed surfaces before installing 

them in a gasifier. If the oxide is sufficiently compact, it will slow 

the rate of degradative sulfidation of the nickel and lengthen the life of 

the components. 

Such analysis of the stability diagrams indicates that in the first 

two processes, considerable difficulty could be expected with liquid 

sulfide slag formation whereas in the third process such difficulty 

would not be expectedo Diagrams such as Figure 4 are very helpful in 
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indicating the possible reactions that could occur at the partial pres

sures of oxygen and sulfur at specified temperatures in coal gasification 

processes. If a process operates in a region of the diagram where 

liquid sulfide phases are stable, modification of gas~phase partial 

pressures may be necessary, either through prior de-sulfurization of 

the coal or de-sulfurization of the gasifier such as is done in the 

Consol process (see Table l)o It should be possible to avoid catastrophic 

failure due to detrimental gas-solid interactions by appropriate process 

modification. 

The chemical stability diagrams only predict the solid or liquid 

phases that are in equilibrium with the gas phases. Where two or more 

phases are stable, conflicting equilibria will be determined by the 

kinetics of formation, about which these diagrams say nothing. To 

further complicate matters, selective gas adsorption at the surface may 

lead to large concentration gradients both at the scale-gas and the 

scale-alloy interfaces. As a result, the actual stable phases may bear 

no relation to those predicted by bulk partial pressures o Also, in 

actual reactive gas environments with real-world alloys, several addi

tional active elements such as C, Mn, Si must be considered and more 

complex corrosion products such as spinels can form. The use of 

chemical stability diagrams to predict corrosion behavior in real-life 

situations can only predict what can occur, not what will occur. Their 

use is limited by the assumption that concentrations are uniform 

throughout the system, by the kinetic considerations of the gas-solid and 

liquid reqctions, and by the limiting number of reactants and reaction 

products that can be placed on a simple diagram and be decipherable. 
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v v CONCLUSION 

Binary chemical stability diagrams in which Ps and Po are the 
. 2 2 

coordinate values have been constructed for 310 stainless steel. These 

diagrams enable one to determine the solid and liquid phases that can be 

stable as a function of temperature and gas composition. They are useful 

in analyzing gas-sqlid, liquid corrosion reaction products. Gasification 

plant designers can use this information to guide their considerations of 

gasifier operating conditions and materials selection. The limitations 

of the diagrams are such that complex reaction behavior cannot be 

'accurately predicted. The diagrams give no information on kinetic be-

havior and cannot be used to predict such behavior. Therefore, the 

real-world behavi.or of metal alloys in coal gasifer environments can 

only be indicated,not accurately predicted by the use of these diagramso 



19 

ACKNOWLEDGEMENTS 

The authors gratefully acknowledge the assistance of Dr. Leo Brewer 

and Dr. John Newman for their invaluable assistance in many lengthy dis

cussionso They also wish to thank Dr. D. B. Rao and Mro AlanV. Levy 

for their support and encouragement. 

The work was supported by the Division of Materials Sciences, Office 

of Basic Energy Sciences, U. S. Department of Energyo 



REFERENCES 

1. Romeo, G, a,nd Spacil, H,S., "Effect of :Pre,"".Existing Oxide on the 
High.,...·Temperature Su1fidation of ChJ:"omium", H,igh ._Temperature Gas.,
Metal Reactions in Mixed Environments, 299,321, S. A, Jansson and 
Z. A. Foroulis, eds., Metallurgical Society of'AIHE, 

2. Gulbransen, E. A. and Jansson, S. A., "General Concepts of Oxida.,... 
tion and Sulfidation Reactions. A Thermochemical Approach", 
High Temperature Metallic Corrosion·of Sulfur and Its Compounds, 
3-54, Z. A.Forou1is, ed., Electrochemical Society, (1970). 

3. Stringer, J., Hot Corrosion in Gas Turbines, MCIC Report 72-08, 
Battelle-Columbus (1972) . 

4. Quets, J. M. and Dresher, W. H., Jour. Mat. JMLSA, !!..' 583 (1969). 

5. Rapp, R. A., Vol II, Proc. of Workshop on Materials Problems and 
Research Opportunities in Coal Conversion, Sponsored by NSF and 
OCR, April 6-13, 1974, Columbus, Ohio, pp. 313-334. 

6. Belton, G. R. and Fruehan, R. J., Met. Trans., !, 781 (1970). 

7. Mazandarany, 1. N., and Pehlke, R. D., Het. Trans., !!.., 2067 (1973). 

8. Gasior, S., private communication. 

9. Rosenqvist, T., Jour. Iron-Steel Inst., 176, 37 (1954). 

10. Young, D. J., Smeltzer, W. W., and Kirkaldy, J. S., Jour. Electro
chem. Soc., 120, 1221 (1973. 

11. MacNab, A., .private·communication. 

12. Elliott, J. S., and Gleiser, M., Thermochemistry for Steelmaking, 
Vol. 1, 296 pp., Addison-Wesley Publishing Co. , London (1960). 

13. Kubaschewski, 0., Evans, E., and Alcock, C. B., Metallurgical 
Thermochemistry, 495 pp., Pergamon Press, New York (1967). 

20 

14. Stainless Steel Handbook, Allegheny-Ludlum Steel Corporation (1956). 



21 

Table I 

COAL GAS I F I ER OPERAT! NG ENVI RONr'1ENT 

ITEM HYGAS SYNTHANE CON SOL 

GAS CDr1POS ITION: 
IN MOLE % 

" H 0 2 24 37 17 

CO 7 11 14 

CO2 4 18 6 

H2S 0.8 0.3 0.03 

H2 24 18 45 

CH4 13.3 15 17 

N2 0.3 0.5 0.2 

GAS PRESSURE 
PSIG 1100 1000 300 

GAS TEMPERATURE 
°C . 1000 1000 875 



GOr1PONENT WT % ~10LE FRACTION ACTIVITY 

CR 

FE 

NI 

25 0.279 0.304 

51 . 0.519 . 0.516 

20 0.202 0.148 

Table II, Mole fraction composition and component 
activities of 310 stainless steel. (Ref. 14) 

TEMPERATURE (OK) 'NI-Sy(.Q,) FE-FES 

1227 

1100 

1000 

-7.44 -6.71 

-8.56 -8.29 

-9.66 -9.69 

Table IV. Sulfur partial pressures above which 
competition for the sulfur between FeS 
and NiS en i.s expec ted to occur. 

y 
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PHASE 10009K 1100l>K 122rK Ref. 

CrS ""' 35,00 .. 33.81 - 31.96 12 

.' Cr203 
~205.65 ~199.40 ~191.55 14 

* Cr
7
S

8 
.;.276.05 ~,-.~,":"",~.~ ~.'-~--"!'- 10 

* Cr
5

S
6 

... 205.38 ~~.":",,,.-~- --~.--- 10 

* Cr3S4 -134.37 -,--,~-~- ------ 10 

* Cr2S3 
(Trig) - 95.75 --~--~ ------ 10 

* cr2s
3 

(Rhom) -128.75 ------ ------ 10 
, 

FeO - 47.55 - 46.05 - 43.71 12 

Fe
3
0

4 
-188.90 -181.80 -169.06 12 

Fe20
3 

-133.90 -128.10 -121.03 12 

FeS - 23.50 - 22.30 - 20.44 2, 12 

FeS 2 - 19.30 - 16.50 - 8.58 2, 12 

NiO - 35.70 - 29.91 - 25.82 2, 12 

NiS (5/,) ---~-- Log Ps =-8.56 Log Ps =-7.44 9 , y 
2 2 

Ni3S2+ - 49.96 ---...,-- ------ 9 
.. 

NiS1+ - 19.85 ------ ------ 9 

NiS2 - 21.01 ---.'!"'"'~- ------ 9 

NiS04 -117.73 -108.69 - 94.12 2, 13 

Table III Free Energies of ;Formation (in Kca1/mole). 

* Indicates large uncertainty in values of the free energy. 
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