
Ll Thermochemical Evaluation of
Corrosion Product Stabilities for
Alloys in Gases at High
Temperature

W. T. THOMPSON
Center for Research in Computational Thermochemistry
Royal Military College of Canada
Kingston, Ontario, Canada

R. C. JOHN
Shell International E&P, Inc.
Houston, Texas

A. L. YOUNG
Humberside Solutions Ltd.
Toronto, Ontario, Canada

A. INTRODUCTION

The understanding of corrosion of metals and alloys in hot gases can be assisted by analysis of
the thermodynamics of the formation of corrosion product phases involving elements in the alloy
and species in the gas. Since the service temperatures and pressures in high-temperature applica-
tions may vary over large ranges and the gas phase may involve many species, the stable corrosion
products are only known with certainty for applications of specific alloys. It is often helpful to
employ a multielement stability (or phase) diagram, which considers the thermodynamic properties
of the possible compounds, to establish the most stable corrosion products before the kinetics
associated with growth can be treated. Thermochemical analysis of the potential corrosion
products can help identify the corrosion mechanisms important for the process conditions and
also suggest which alloy types might have sufficient corrosion resistance based upon knowledge
of how corrosion products influence corrosion rates. Examples of processes that corrode metals
in high-temperature gases include coal gasification, crude oil distilling, steam-methane re-forming,
catalytic cracking, fluid bed coal combustion, petroleum coking, combustion, incineration,
hydrocracking, naphtha cracking to ethylene, and other energy conversion processes. All
involve the presence of gases containing H-O-S-C at temperatures of 600 to 130OK (~300-
100O0C) [I].
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B. THERMODYNAMICS

1. Gas Phase

In many processes, the nominal gas composition may not represent the composition present at the
corroding surface. In the process of sampling gases containing H, O, S, and C at high temperature
and pressure, part of the water vapor may condense during subsequent cooling and pressure
reduction. Furthermore, in mixtures rich in CO, there is the possibility of carbon precipitation

2CO-CO 2 H-C (1)

resultant from a shift in the equilibrium with falling temperature given approximately by

,.[№] ̂ -,,
Even if the concentrations of the most abundant gases change little with temperature, the partial
pressures of the constituent elements such as O2 or S2 may vary considerably. It may be necessary to
infer, from a gas composition at ambient temperature and pressure, what the gas composition is
likely to be at the service condition for the alloy.

Table 1 shows the computed equilibrium composition at 900(6270C) and HOOK (8270C) for a
gas with an initial composition of 35% CO, 25% H2, 20% CO2, 19% H2O, and 1% H2S. In both
cases, the total pressure is 30 atm. This type of gas composition might be found in coke/coal/oil
gasification, Flexicoking (trade name of Exxon Corporation), catalytic cracking in a petroleum
refinery, steam-methane re-forming, or instances of fuel-rich conditions of fossil fuel combustion.
The nominal (molar) composition may be regarded as the reactants in a chemical process leading to

TABLE 1. Equilibrium Computations for the Initial Gas Composition
of 35MoI CO, 25MoI H2, 2OMoI CO2, 19MoI H2O, and IMoI H2S,
Shown as Mole Fractions Adjacent to the Given Species

Species

CO
CO2

H2

H2O
CH4

H2S
COS
H2CO
C2H4

C2H6

H2S2

CH3SH
S2

SO2

SO3

O
O2

Total moles of gas
Activity of C
Moles of C

(90OK, 30 atm)
Xi

0.050
0.431
0.091
0.335
0.079
0.013
0.230 x 10 ~3

0.225 x l O ~ 6

0.897 x l O - 7

0.189 x l O ~ 5

0.323 x l O " 6

0.291 x 10 ~6

0.323 x IQ-8

0.217 x 10~9

0.171 x 10~19

0.209 x 10 "23

0.457 x lO~ 2 3

75.3
1

12.8

(HOOK, 30 atm)
Xi

0.286
0.267
0.206
0.192
0.039
0.010
0.455 x 1O-3

0.214 x l O ~ 5

0.821 x IQ-6

0.612 x KT6

0.420 X l O - 6

0.228 x 10 ~6

0.311 X l O ' 7

0.110 x IO'8

0.841 x KT18

0.10IxIO - 1 8

0.493 xlO"" 1 9

92.8
0.838
O



the equilibrium products. In the product equilibrium, the mole fraction is given adjacent to each
species considered. The total number of moles of gas appears near the bottom of each listing and is,
of course, larger for the higher temperature reflecting the greater degree of dissociation. Although
graphite is a potential phase in both figures, it only appears at the lower temperature; at the higher
temperature the activity of carbon with respect to graphite is less than 1.

The equilibrium was established by the Gibbs energy minimization [2, 3]. In this versatile
computational procedure, the molar concentration of candidate equilibrium species (containing
some or all of the elements in the nominal gas) are systematically varied subject to the condition of
mass balance for each element. For each such mixture, the total (relative) Gibbs energy, Gt, is
calculated by evaluating the following function:

gases solids

G, = £>(AG° + RT^l(X1)(P)])) + £ n,.AG° (3)
i=l i=l

where AG° are the standard Gibbs energies of formation per mole of each species in the equilibrium
gas mixture, R is the gas constant, nf is the number of moles, X1 is the mole fraction of species in the
gas phase at absolute temperature, T, and total pressure, P. The equilibrium is found when successive
(and progressively smaller) adjustments in molecular concentrations provide negligible reduction in
Gt. The equilibrium partial pressure of the elemental species (/3H2* Po2» ^s2) and the activity of
carbon (graphite, ac) are a byproduct of the computation.

2. Corrosion Product Formation

Having established the equilibrium gas composition at the temperature of interest, it is now possible
to consider the reaction of that gas with the elements in the alloy. Consider the case of Inconel 671
(trade name of Huntington Alloys International), which is nearly a binary alloy containing 54% Ni
and 46% Cr. This alloy is not widely used, but is chosen for this example to illustrate the concepts
used to calculate corrosion product stabilities. The most stable chemical phase of nickel can be
determined by computing the Gibbs energy change for all possible reactions of nickel with
hydrogen, oxygen, sulfur, and carbon, assuming that the composition of the voluminous gas phase is
not influenced by reactions with a relatively minor mass of the alloy. The reactions, all based on
1 mol of nickel reacting to form a series of Ni compounds with the general formula NiHflO&ScQ,
have the form:

Ni + Q)H2 + (0O2 + (0S2 + (d)C -> (NiUAScQ) (4)

where the constants a, b, c, and d are > O. When the Gibbs energy change is computed, allowance is
made for Pn2, ̂ c2, and Ps2 and the activity of C appropriate to the gas mixture at the temperature and
total pressure involved using the equation

AG = AG0 - (^)RTInP112 - (|Wln/>o2 - Q)^InPs2 - (d)RTlnac (5)

where AG0 is the standard Gibbs energy of formation for the nickel-containing compounds (per mole
of Ni) obtained from tables or databases of thermochemical properties. The reaction with the most
negative Gibbs energy change identifies the most stable compound containing nickel coexisting in
direct contact with the gas phase.

In order to evaluate the potential of changes in the gas composition to alter the most stable nickel
compound, a diagram may be constructed by systematically varying the partial pressures of two
particular elements while holding the partial pressure or activity of the third and fourth elements
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FIGURE 1. The Ni-H, O, S, C predominance diagram at 1100 K (8270C) prepared using the FACT system [2].
The coordinate 0 is consistent with Table 1.

constant. Such a predominance or phase stability diagram is shown in Figure 1 for HOOK (8270C)
[2, 4]. Note that the suggested methodology for the diagram construction does not begin with
potentially false suppositions of coexistence of particular combinations of nickel containing phases
as a basis for developing equations for each phase boundary. Therein lies the power of the suggested
computational procedure. Precision in locating the boundary for graphical purposes simply involves
selecting suitably small steps in the variation of the partial pressures for the species used for the axes.
Many computations of Gibbs energy can be eliminated following the realization that phase fields
must be contiguous. The computational power of a personal computer is more than ample to develop
diagrams as in Figure 1 in a few seconds [2].

When it is more informative to employ the dominant gas species for the axes and fixed partial
pressures in the diagram, a variation on the foregoing methodology is invoked. Suppose, for
example, log Pco2 is used as ordinate and log PCO as abscissa. The equilibrium constant for the
process

CO + i O 2= CO2 (6)

I" (Pec.) 1 14,764

[(Pc0)(Po1M
 T

enables Po2
 to be found for any pair of values of PCO and Pco2 •

Similarly, the carbon (graphite) activity can be found using Eqs. (1) and (2).

Io
g

io
p
s 2

PH =6.17atm;ac = 0.838

HOOK
F*A*C*T

Ni3S20,



If, for the diagram development, the Pn2O and Pn2S were fixed, then Pn2 could be found from the
equilibrium constant for

H2+ IQ2 = H2O (8)

and Ps2 from the equilibrium constant for

H2 +^S 2= H2S (9)

These preliminary steps reduce the computations used to construct Figure 2 to those of Figure 1. The
two diagrams are consistent in indicating that Ni3S2 (liquid) is the most stable phase of nickel in
equilibrium with the gas. Comparable points, representative of the equilibrium gas in Table 1, are
shown on both figures. The two diagrams are not topologically the same with respect to triple points
and adjacent phase fields since the chemical potentials of all elements in the gas phase are only the
same at the coordinates marked.

In the case of corrosion of Inconel 671, it is of course necessary to also consider the chemical
compounds of Cr. By procedures similar to that described for Ni, a diagram similar to Figure 2 may
be developed for Cr. This diagram superimposed on that for Ni is shown in Figure 3. The overlapping
stability fields give rise to the double labelling of each area on the resultant diagram. For the
conditions of temperature, total pressure, and gas compositions covered by Figure 3, there are no

PH o = 5.75 atm; PH s = 0.310 atm
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FIGURE 2. The Ni-H, O, S, C predominance diagram at HOOK (8270C). The diagram is similar to Figure 1
but a different selection of axes and constant conditions has been made. The coordinate © is consistent with
Figure 1 and Table 1.
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FIGURE 3. The Ni, Cr-H, O, S, C predominance diagram at HOOK (8270C). The diagram in this case is the
super-imposition of Figure 2 and a similar one for Cr since, within the field of view, there are no phases that
contain both Ni and Cr (such as NiCr2O4). The placement of the coordinate © consistent with Table 1 shows
that liquid Ni3S2 is a stable phase.

stable compounds containing both Ni and Cr and little or no mutual solubility of the various nickel or
chromium containing compounds. Thus the superimposition of Ni and Cr stability diagrams leads to
the conclusion, for the gas with the equilibrium composition in Table 1 at 1100 K, that liquid Ni3S2

and Cr2O3 are the most stable corrosion products.
As evidence that Ni3S2 and Cr2O3 cannot react to form, for example, NiCr2O4 in contact with the

equilibrium gas composition in Table 1 at 1100 K, it is necessary to evaluate the Gibbs energy change
for the reaction of Ni3S2 and Cr2O3 to form NiCr2O4 (balanced using CO2, CO, H2O, and H2S).

Ni3S2 + 3 Cr2O3 + CO2 + 2 H2O -> 3 NiCr2O4 + 2 H2S + CO (10)

In finding the Gibbs energy change at 1100 K [2], allowance is made for the partial pressures of the
gas species at the composition of interest using an equation similar to Eq. (5). The positive value of
146kJ/mol affirms the inability of the sulfide and oxide to react; that is, the stability of Ni3S2 and
Cr2O3 in direct contact in this particular atmosphere.

Although the superimposition of Ni and Cr stability diagrams provides (by good fortune, in this
particular case) a suitable corrosion product stability diagram, superimposition is not sufficiently
general to create a reliable diagram in all cases. A more universally applicable approach is a
necessity. To take the case of Inconel 671, the construction of a composite stability diagram for two
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(or more) alloying elements can be undertaken by finding the Gibbs energy changes for all reactions
of the type:

(1 - r)Ni + rCr + g)n2 + (|)o2 + g)s2 + (d)C

^m[NiwCrx(H,0,S,C,)}+n[NiyCrz(II,0,S,C,)} (11)

In this generalized methodology [5], following the constraints of the phase rule, groups of
compounds equal in number to the components in the alloy phase are considered. All the candidate
corrosion product compounds in the group must contain some or all of the alloying elements and the
molar amounts given by m and n must both of course be nonnegative for the proportion of elements
in the alloy given by r. With the all equations balanced in terms of 1 mol of alloy with appropriate
zero or positive coefficients a, b, c, and d, the Gibbs energy change for each is found in a manner
similar to that for reactions of the type given by Eq. (4). The corrosion product pair that is most stable
is associated with the reaction with the most negative Gibbs energy change. The topology of such
diagrams is sensitive to the value of r. Under more oxidizing conditions than those usually associated
with coal gasification applications, NiCr2O4 may be a stable corrosion product. Clearly, whether
NiCr2O4 coexists with a Cr- or a Ni-containing compound depends on whether r is greater or less
than f.

C. KINETICS

The qualitative characterization of corrosion rate in high-temperature systems may sometimes be
gleaned from a combination of stability diagrams and corrosion rate data. Clearly, the stability
diagram for Inconel 671 at 1100 K shown in Figure 3 is revealing in terms of indicating liquid sulfide
corrosion products, which invariably have high corrosion rates, in contact with the equilibrium gas
compositions represented in Table 1. Liquid Ni3S2, as a stable corrosion product (coexisting with
solid Cr2O3), would be expected to corrode rapidly in the gas at HOOK. At the lower temperature
(900 K) associated with Figure 4, where Ni3S2 is solid, somewhat slower corrosion rates might be
expected. Thermochemical information is valuable in organizing and interpreting data on corrosion
at high temperatures, for design and selection purposes, in combination with corrosion rates
measured in actual exposure testing.

To quantitatively represent isothermal corrosion testing, it is possible to provide empirical
constants in an equation of the form:

p = kt" (12)

where p is the penetration (or depth of loss of internally oxidation free alloy) and k and n are
characteristic parameters established by a statistical treatment of sufficient test data [6]. For a pure
metal with only one corrosion product, a value of n near 1 may indicate that the superficial scale is
not protective but rather spalls at a constant rate perhaps due to excessive volume in comparison to
the volume of metal replaced (Pilling-Bedworth ratio [7]). In other cases, corrosion rate is limited
by arrival of a corrosion species, or removal of a volatile corrosion product compound. Protective
corrosion products, must have a value of n< 1. If the growth of the scale is characterized by a
constant diffusion coefficient in the alloy or corrosion product compound, n should be \. This is
sometimes termed parabolic growth. Defects in the crystallinity of the scale, particularly as affected
by impurities or alloying elements incorporated into the growing scale, may lead to values other than
\. Many corrosion resistant alloys often have both a value of n of \ and a small value for k. The
parameter k is temperature dependent and is sensitive to the equilibrium partial pressure of the
elements in the gas phase as well.
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FIGURE 4. The Ni, Cr-H, O, S, C diagram at 90OK (6270C) similar to Figure 3. The placement of the
coordinate © consistent with Table 1 shows that solid Ni3S2 is a stable phase coexisting with solid Cr2Oj.

When Inconel 671 is exposed to oxidizing and sulfidizing atmospheres such that Ni382 and Cr2O3

are the stable corrosion products, Eq. (12) may be generalized [8] to yield

log U7 =a + ̂ [log(PS2)-|log(JPo2)l +^ (13)
L(O5J L 2 J T

Extensive exposure testing for many alloys and corrosive gases has shown that this form provides a
good correlation of the corrosion data with the exposure conditions. For the specific case of Inconel
671 exposed to gas with the composition given in Table 1 for 90OK and 30-atm total pressure, the
penetration is predicted by Eq. (13) to be 2.1 mils after 1 year, 4.6 mils after 5 years, and 6.5 mils
after 10 years of exposure time [9]. For the same alloy under different service conditions (temp-
erature, pressure, or gas composition), leading to a different combination of stable corrosion
products, another empirical rate equation of a different form would be required.

D. SOFTWARE

The foregoing approach to alloy selection is computationally intensive and the following logical
steps are used

a. The equilibrium partial pressures of elements in the corrosive gas must be found.
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b. The stable corrosion product phases on the candidate metal or alloy must be predicted based
upon (a).

c. A suitable empirical corrosion rate expression is selected, as appropriate for the likely
corrosion mechanism (i.e., corrosion phases in (b)).

To assist in this manually cumbersome methodology, a user friendly Windows 95 (trade name of
Microsoft Corporation) program called ASSET (Alloy Selection System for Elevated Temperatures)
has been developed [9]. The thermochemical predictions involved in Steps (a) and (b) are performed
in a user transparent way with an appropriate subset of programming and databases of Facility for the
Analysis of Chemical Thermodynamics (FACT) [2]. Regression analysis is used to produce
correlations of alloy corrosion for four different corrosion mechanisms as named for the types of
corrosion products that form:

1. Sulfidation
2. Sulfidation/oxidation
3. Oxidation
4. Carburization

A large selection of data has been compiled for these conditions representing nearly 4.7 million h of
exposure for 71 commercially available alloys. Details of the program are provided elsewhere [9].

E. CONCLUSION

An engineering approach to the selection of alloys for high-temperature service in many different
types of fossil fuel combustion and energy conversion processes, can, with suitable software [2, 9,
10], involve a blend of fundamental science and exposure testing. Thermodynamics is used to
compute the equilibrium gas phase chemical speciation and predict stable corrosion products on
commercial alloys. Extensive exposure testing conducted on commercially available alloys is then
correlated to those computations to provide a reliable guide to metal loss as a function of time,
temperature, gas composition, and pressure. The reader is referred to readily available literature
[8, 11-22] for a more comprehensive treatment of the corrosion of metals and alloys in high-
temperature gases.
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