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A. INTRODUCTION

The thermodynamics of aqueous corrosion is conveniently summarized for practical purposes in
the diagrams devised by Pourbaix [I]. These diagrams, assembled from the Gibbs energy of
formation of ionic species and phases, draw attention to the combined importance of pH (abscissa)
and redox potential (ordinate) in distinguishing conditions of active corrosion, passivity, and
immunity. In their original form, these isothermal diagrams indicate the regions or domains of
stability of one particular metal (or element) in several possible chemical forms including
complex ions and phases limited, however, to those chemical forms of the metal containing only
hydrogen and/or oxygen. Typical diagrams of this type are shown for Ag, Au, Cu, Fe, and Ni in
Figures 1, 3, 5, 7, and 8. A previous chapter reviews the principles involved in constructing
these classical three element (M-H-O) diagrams from the underlying thermodynamic principles
related to the equilibrium between phases and species. This chapter considers the issues that
arise when additional elements are introduced either as species in the aqueous phase or as alloying in
the metal [2].

It is important at the outset to realize that in general it is not possible to progress in the
understanding of an alloy corroding in a complex aqueous medium by superimposing a series of
conventional Pourbaix diagrams. The corrosion of pure silver or gold in chloride media cannot be
understood with the conventional Pourbaix diagrams because important (quite stable) compounds or
complex ions involving chloride are not represented in those diagrams. Likewise, the corrosion of
iron-nickel alloys cannot be understood by examining conventional Pourbaix diagrams for Fe and
Ni; this approach overlooks the importance of NiFe2O4 that is not found in either diagram [3]. The
use of conventional Pourbaix diagrams not surprisingly, therefore, often leads to false conclusions or
worse—the belief that thermodynamic considerations may be of little value generally in matters of
aqueous corrosion.
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FIGURE 1. The Ag Pourbaix diagram at 298 K (250C). Concentration of aqueous species range from 1 to
10~6 m. Points 1, 2, and 3 should be compared with Gibbs energy changes in Table 2.

The inclusion of necessarily many more species and phases in the development of multielement
diagrams leads to obstacles in diagram construction not encountered in systems of the M-H-O type.
The first of these obstacles is the lack of a priori knowledge, for a complex system, of which species
and phases form an equilibrium associated with a domain boundary on the diagram; a formal
procedure is required to exclude equilibria such as between Ag2O2 and Ag (see Fig. 1), which in the
traditional diagram development for Ag may be excluded because of independent knowledge that
these phases cannot coexist.

A second practical obstacle in dealing with systems of several elements is that a comprehensive
set of diagrams leading to a compilation such as Pourbaix's Atlas is not possible; the enormous
number of diagrams resultant from the combinatorial possibilities precludes publication. An easy
to apply systematic approach not based on any a priori assumptions and therefore amenable to
computing is essential.

The third obstacle is more fundamental and subtle in nature and requires decisions about how
additional elements are to be incorporated into the diagram development. To oversimplify this matter
for the present, it will suffice to say that it is necessary, at the outset of diagram construction, to know
whether the additional elements are associated with the corrosive media or with the alloy. The former
places constraint(s) on chemical potential(s) or concentrations; the latter places constraints on mass
balances. The topology of the multielement Pourbaix diagram therefore depends on how additional
elements are treated.

B. COMPUTATION USING GIBBS ENERGY MINIMIZATION

The circumvention of the matters raised in Section A is to be found in the process of Gibbs energy
minimization. It is helpful in understanding this process as a basis for its extension into multielement
systems by first considering the treatment of a simple M-H-O system. To be more specific, consider
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the case of silver and the development of the diagram in Figure 1. The reactions (involving only
H and O) whereby silver may become an ionic species, a compound, or remain in its metallic form
(as a degenerate case) are

Ag^Ag (1)

Ag -> Ag+ 4- e~ (2)

Ag + \ H2O -> ±Ag20 + H+ 4- e~ (3)

Ag + H2O -» ^Ag2O2 + 2 H+ + 2 e~ (4)

Ag 4- |H2O -» |Ag2O3 + 3H+ + 3 e~ (5)

Ag + 2H2O -> Ag(OH)2- + 2 H+ + e~ (6)

The Gibbs energy change for each reaction depends not only on the standard Gibbs energy of
formation [4] of the reactants and products (Table 1), but also on the activity or to a good
approximation the molal concentration, m, of the aqueous silver containing species [add RT\n(m) to
the standard Gibbs energy of formation] as well as the pH and redox potential. The Gibbs energy of
the H+ is given by

AGH+ = -2.303 KT(pH) (7)

and the effective Gibbs energy of the electron (which represents an unspecified redox reaction) is
given by

AG,- = -3(EH) (8)

At any particular condition of EH and pH there will be, in general, one reaction that gives rise to the
largest negative Gibbs energy change per mole of Ag; this is the species or compound associated
with the domain in which that point resides. If all of the Gibbs energy changes are positive the Ifo-pH
coordinate must reside in the domain of silver immunity. As a convenience in understanding, the
Gibbs energy changes in Table 2 for Reactions (1-6) should be compared with arbitrarily selected
points 1, 2, and 3 in Figure 1. The domains for all species can be located as precisely as required by
repetition of the foregoing for a suitably fine matrix of EH and pH points. The number of computa-
tions can be considerably reduced when it is realized that a domain for a particular phase/ species

TABLE 1. Thermodynamic Data

Species

H+

H2O
Ag
Ag+

Ag2O
Ag2O2

Ag2O3

Ag(OH)2-
ci-
AgCl
AgCl2
AgClO2

AG0 (kJ/mol)

O
-237.2

O
77.0

-10.8
27.4

121.1
- 260.2
-131.1
- 109.5
-215.5

75.7



must be contiguous. With any personal computer, this approach, which was completely impractical
in the not too distant past, leads to an almost instant construction of the diagram for a particular
concentration of the aqueous species. The diagram in Figure 1 is actually four such figures
superimposed for concentrations of Ag+ and Ag(OH)^T of 1, 10~2, 10~4, and 10~6w (strictly
speaking activity) developed using data in Table 1. The dotted lines @ and (g) correspond to
redox potentials determined by hydrogen and oxygen saturation at one standard atmosphere,
respectively.

C. ADDITIONAL ELEMENT IN THE AQUEOUS PHASE

The flexibility of the Gibbs energy minimization approach is particularly striking when, in addition
to H and O, an element such as chlorine (as Cl") is considered in the aqueous phase. To continue with
silver as the basis for discussion, the reactions to consider in addition to those above are

Ag + CP -> AgCl H- e" (9)

Ag + 2 Cr -* AgClJT H- e~ (10)

Ag H- 2H2O H- CT -> AgClO2 H- 4H+ H- 5e" (11)

By using the data in Table 1, the Gibbs energy change for each reaction can be found as indicated in
Section B. Some of the Gibbs energy changes are shown in Table 2. In examining Table 2 and Figure
2, it will be clear than the Ag-containing phase /species associated with the lowest Gibbs energy
change is the one labeling the domain at the corresponding En-pH coordinate in Figure 2.

With the mechanics of construction summarized, it is now appropriate to comment on the role
of Cl~. Chloride ion at the 1 m concentration used in developing Figure 2, results in a complete
eclipsing of the Ag+ and Ag2O fields in Figure 1 with AgCl and AgCl2

- has become the most
important Ag-containing ion in all but the most concentrated alkaline solutions. Clearly, the
corrosion of silver in aqueous chloride media could not be properly understood using the classical
Pourbaix diagram in Figure 1, as Pourbaix himself recognized.

Figures 3 and 4 show the influence of chloride on the gold Pourbaix diagram. Note the solubility
of Au as tetrachloraurate ion in acidic oxidizing media. This accounts for both the well-known attack
of gold by aqua regia and the use of an acidic chloride electrolyte in the Wohlwill gold electro-
refining process [5].

TABLE 2. Gibbs Energy Minimization at Iw Concentration for Ag Containing Aqueous Species
(and 1 m concentration Cl for the case of Figure 2)a

Species

Ag
Ag+
Ag2O
Ag2O2

Ag2O3

Ag(OH)2-
AgCl
AgCl2-
AgClO2

Reaction

1
2
4
3
5
6
9

10
11

Point 1
£H = 0.2V
pH = 6.0

(kJ)

O
57.7
59.7

143.8
255.7
126.4

2.4
27.7

448.0

Point 2
£H = 0.7V
pH = 6.0

(kJ)

O
9.4

11.4
47.3

111.0
78.2

-45.8
-20.6
206.7

Point 3
£H = 0.7V
pH=15.0

(U)

O
9.4

-39.9
-55.4
-43.1
-24.5
-45.8
-20.6

1.3

"AgClO3 and AgClO4 have been excluded as possible phases.
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FIGURE 2. The Ag Pourbaix diagram at 298 K (250C) in chloride solution at Im concentration Cl-. The
concentration of the Ag containing species AgCl^" and Ag(OH)^, is shown at 10~6, 10~4, and 10~2 m. Points 1,
2, and 3 should be compared with Gibbs energy changes in Table 2. Note that AgCl completely eclipses the Ag+

and Ag2O fields on Figure 1 for this concentration of Cl~.
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FIGURE 3. The Au Pourbaix diagram at 298 K (250C). Concentration of aqueous species range from 1 to
10~6 m. Gold immunity extends into the strong acid region even under oxygen saturated conditions (line b).
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FIGURE 4. The Au Pourbaix diagram at 298 K (250C) in chloride solution at Im concentration Cl~. The
concentration of the Au containing species is shown at 10~6,10~4,10~2, and 1 m. The domain of gold immunity
does not extend into strong acid solutions for oxygen saturated conditions (line © because of the stability of
AuClJ.

The diagrams in Figures 5 and 6 pertain to the effect of ammonia on copper corrosion. When
deaeration additives such as hydrazine, N2H4, are added in low concentration to water, the slow
chemical breakdown that consumes dissolved oxygen [6] and lowers the redox potential to slightly
above line @ also contributes a low concentration (~ 10~3 m) of residual ammonia, which tends to
raise the pH above neutral. Furthermore the residual ammonia forms very stable complex ions with
copper. Fortunately, as the diagrams show, the stability of copper amines is not so great as to
contribute to corrosion of copper. Of course, if the ammonia concentration were allowed to increase
drastically it would be necessary to recompute Figure 6 to examine the extent to which the copper
amine fields enlarge.

The computation of Figure 6 is slightly different than Figure 2 and 4 because the additional
species involve more than one element. The formation reactions are not based on ammonia as in

Cu + 2NH3 -> Cu(NH3)J + e~ (12)

but rather on the elements

Cu + N2 + 6H+ + 5e~ -> Cu(NH3)J (13)

At each En-pH. coordinate, the effective hydrogen partial pressure can be calculated using

*H = -gln(PHJ-^(pH) (14)
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FIGURE 5. The Cu Pourbaix diagram at 298 K (250C). Concentrations of aqueous species range from 1 to
10~6 m. Compare with Figure 6 to gauge the effect of a low NH3 concentration.
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FIGURE 6. The Cu Pourbaix diagram at 298 K (25°C)in ammonia containing solutions at 1(T3 m NH3. The
concentration of copper containing aqueous species is shown only at 10~6 m.



The effective N2 partial pressure can be calculated from the equilibrium constant for

N2+ 3 H2 ̂ 2NH3 (15)

(™NH3)2
 (16)

* (^N2)(PH2)
3

The Gibbs energy changes for formation reactions such as (13) can now be calculated since
corrections can be made for the effective partial pressure of N2 by adding RTIn(P^,).

D. ADDITIONAL ELEMENT IN THE METAL PHASE

When the metal phase is an alloy, the Gibbs energy minimization differs from that described above.
In the previous sections, the voluminous nature of the aqueous phase in comparison with the limited
quantity of metal corroding permits the concentration of the additional species in the aqueous phase
to be considered as constant. In the case of an alloy, it is necessary to specify (and preserve in the
diagram development) the molar ratio of the alloy elements that are regarded as being insignificant in
total molar amount to other elements in the voluminous aqueous phase.

The general form of the corrosion reactions for a binary alloy, MI — M2, is modified from that
described above:

{rMl + (1 - T)M2J3110x + {«H20 + bU+ + cX-}aqueous ->

m(M1,M2,H,0,X)a + n(Mi,M2,H,0,X)p (17)

where the two product compounds, a and p, contain MI and M2 in different proportions and may or
may not contain H,O, and additional element(s) in the aqueous phase X, and where m and n are
nonnegative mole numbers for the value of r that is selected for the alloy. This may be called the
mass balance constraint. To establish at each coordinate which pair of compounds is most stable, it
is first necessary to find from among all possible compounds the pairs that satisfy the mass balance
constraint. Thereafter, the Gibbs energy change for all of these reactions (based on 1 mol of alloy)
is computed. Finally, the reaction with the most negative Gibbs energy change is found thereby
identifying the most stable pair of compounds at that particular EH and pH. The resulting diagram
has domains that are doubly labeled for the case of a two component alloy. As a special case, when
there are no product compounds that contain both MI and M2, the resultant diagram is the super-
imposition of the two conventional Pourbaix diagrams for M1 and M2. This, unfortunately, is indeed
a special case that is the exception rather than the rule.

Figures 7 and 8 show the conventional Pourbaix diagrams for Fe and Ni. These may be compared
with Figures 9-12 that show the computed Fe-Ni composite diagram at four different levels of
aqueous species concentration ranging from 1 to 10~6 m. The complexity of the diagram is such that
it is virtually essential to provide a series of diagrams for particular concentrations of aqueous
species. The compound that gives rise to the complex appearance, namely, the NiFe2O4 phase, is
boldly outlined. The inability to comprehend the thermodynamics of Fe-Ni alloy using only the
conventional Fe and Ni diagrams does not require further comment [3].
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FIGURE 8. The Ni Pourbaix diagram at 298 K (25°C). Concentrations of aqueous species range from 1 to
IQ-6 m.
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FIGURE 7. The Fe Pourbaix diagram at 298 K (250C). Concentrations of aqueous species range from 1 to
IQ-6 m.
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FIGURE 9. The Fe-Ni composite Pourbaix diagram at 298 K (250C). The concentration of all aqueous species
is 1 m. The molar proportion of Fe to Ni is >2:1. The specific proportion affects the phase proportions in each
doubly labeled field but does not affect the topology until the ratio falls below 2:1 (when, e.g., NiFe2O4 could
not coexist with Fe2O3 for mass balance reasons). Note the placement of NiFe2O4 solid spinel, which is outlined
in bold.
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FIGURE 10. The Fe-Ni composite Pourbaix diagramx at 298 K (250C). The concentration of all aqueous
species is 10~2 m. The molar proportion of Fe to Ni is > 2:1. Note the placement OfNiFe2O4 solid spinel, which
is outlined in bold.
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FIGURE 11. The Fe-Ni composite Pourbaix diagram at 298 K (250C). The concentration of all aqueous
species is 10~4 w. The molar proportion of Fe to Ni is > 2:1. Note the placement of NiFe2O4 solid spinel, which
is outlined in bold.

FIGURE 12. The Fe-Ni composite Pourbaix diagram at 298 K (250C). The concentration of all aqueous
species is 10~6 w. The molar proportion of Fe to Ni is >2:1. Note the placement of NiFe2O4 solid spinel, which
is outlined in bold.
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E. CONCLUSIONS

Pourbaix diagrams are invaluable tools in the understanding of the thermodynamics of aqueous
corrosion. However, it is usually the case that these must be specially constructed to incorporate all
of the elements, whether found in the alloy or aqueous phase, that can lead to the formation of
significant phases or species. The methodology of Gibbs energy minimization is particularly
effective for this purpose, in that no suppositions about coexistence of phases or species is necessary
and it can be extended to handle many elements as suggested in this chapter. The technique,
therefore, is well suited to computational methods and is especially convenient to use when the
programming is linked to a database of thermodynamic properties. In this regard, all of the figures
shown were prepared using the Facility for the Analysis of Chemical Thermodynamics (F*A*C*T)
[7], although certain enhancements were applied for the purposes of this chapter.
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